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FOREWORD

The prospect of undertaking a reusable launch vehicle development led the NASA
Office of Manned Space Flight (OMSF') to request the Office of Advanced Research and
Technology (OART) to organize and direct a program to develop the technology that
would aid in selecting the best system alternatives and that would support the ultimate
development of an earth-to-orbit shuttle. Such a Space Transportation System Tech-
nology Program has been initiated. OART, OMSF, and NASA Flight and Research
Centers with the considerable inputs of Department of Defense personnel have genera-
ted the program through the efforts of several Technology Working Groups and a Tech-
nology Steering Group. Funding and management of the recommended efforts is being
accompl..hed through the normal OART and OMSF line management channels., The
work is being done in government laboratories and under contract with industry and
universities, Foreign nations have been invited to participate in this work as well.
Substantial funding, from both OART and OMSF, was applied during the second half of
fiscal year 1970,

The Space Transportation System Technology Symposium held at the NASA Lewis
Research Center, Cleveland, Ohio, July 15-17, 1970, was the first public report on
that program. The Symposium go0als were to consider the t2chnology problems, their
status, and the prospective program outlook for the benefit of the industry, govern-
ment, university, and foreign participants considered to be contributors to the pro-
gram. In addition, it ofiered an opportunity to identify the responsible individuals al-
ready engaged in the program. The Symposium sessions w:re intended to confront
each presenter with his technical peers as listeners, 2.d ti.is, I believe, was substan-
tially accomplished,

Because of the high interest in the material presented, and also because the people
who could edit the output are already deeply involved in other important tasks, we have
elected to publish the material essentially as it was presen‘ed, utilizing mainly the il-
lustrations used by the presenters along with brief words ¢ explanation. Those who
heard the presentations, and those who are technically ast.te in specialty areas, can
probably put this story together again. We hope that .more will be gained by compil-
ing the information in this form now than by spending the time and effort to publish
a more finished compendium later,

A.O. Tischler

Chairman,

Space Transportation System
Technology Steering Group
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INTRODUCTION
Roger A. Anderson

NASA Langley Research Center
Hampton, VYirginia

MISSION CHARACTERISTICS

The structural designer for a space shuttle sees two very large aircraft-type vehicles which
undergo a spectrum of aerodynamic, acoustic, and inertia loadings, and a severe aerodynamic heating
environment during a portion of the return flight. When the above mission characteristics are
coupled with a requirement for repetitive use with minimumcost maintenance between flights, he
understands that he is faced with a structursl design challenge of unprecedented proportions,

He has had experience with each of the principal mission characteristics singly, or in simple
2ambination, with small test vehicles. Drawing upon this background, he has proposed preliminary

design solutions appropriate to the shuttle and its compliex mission profile.

ON ORBIT
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STAGING

© LARGE AIRCRAFT-TYPE VEHICLES
© SEVERE LOADS AND HEATING
© REUSE FOR 100 FLIGHTS
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THE PURPOSE OF FRACTURE
CONTROL PROCEDURES

Fracturc control procedures are required for the purpose of preventing stiructural failures,
which in turn could result in mission abort, loss of vehicle, and/or loss of life. They
are also required in order to minimize the need for expensive and time consuming repair
and/or refurbishment.

During the 1950's and early 1960's numerous failures provided the incentive to develop
fracture control procedures for aerospace pressure vessels., The procedures that have

been developed and applied over the past decade have tended to diminish, but not completely
eliminate failures such as shown in the illustration. Attempts are currently being made

to apply similar procedures to obtain assurance of satisfactory life in military aircraft;
however, because of added complexities in structural configuration and loading history,

the task is more difficult, The introduction of the Space Shuttle Vehicle will add further
complexities to the problem of fracture control. The shuttle represents a combinaticn of
the pressure vessel and airplane problems, and in addition has the added complexity of
extreme environmental exposures,

@ PREVENTION OF STRUCTURAL FAILURE AND MINIMIZATION
OF REPAIR (Refurbishment)
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SOME MAJOR CONTRIBUIING FACTORS AND SPECIFIC CAUSES

In order to understand how to prevent fracture, it is necessary to first recognize factors
that have contributed to many of the past failures and the specific causes for these fallures.
This chart itemizes a number of the most important factors and specific causes. Some of
these will be discussed in more detail in subsequent charts.

While it has becn apparent for a number of years that flaws and defects are one of the
primary causes of premature structural failures, it has only been during the past few
years, when confronted with the evidence, that most contractors have been willing to admit
that their NDI procedures were not infallible and the structures that they delivered did
contain flaws. It is my opinion that most structures contain pre-existing flaws, but with
the use of materials and designs that are frrocture resistant, the flaws seldom degrade the

structural performance. However, with increase in material strength level, increase in

operating stress, increase in section size, and for most steels and titaniums, with a de-
crease in temperature, the probability of encountering premature brittle failure increases.
The problem is further compounded if, because of complexity, the structure is not easily

inspected.

@ CONTRIBUTING FACTORS

- SYSTEM PROCUREMENT & CONTRACTING PROCEDURES

~ LACK OF “FAILURE PREVENTION" XNOWLEDGE OF PROGRAM MANAGERS
AND DESION ENGINEENS

= ARNTRARY DESIGN CRITERIA & REOUIREMENTS

= QVER CONFIDENCE W4 NDI CAPADIL ITIES

@ SPECIFIC CAUSES

= PREEXISTING DEFECTS

« USE OF FRACTURE SENSITIVE MATEMALS
© Low Frosturs Toughnon
© Sumeptibls t» Stvess Corvavion & Hydragen Crashing
@ High Crask Growth Aot

= USE OF FRACTURE SENIITIVE DESIGNS
© High Oparsting Stress Lovels
© Thisk Sestions
@ Singhe Lood Puths
© Posr benpesisbifiey
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THE PROCUREMENT/DESIGN OPTIONS
{ (A Major Factor in Failure Prevention)

Having participated in a number of failure problems during the past decade and having
seen how the government and contractors go about contractins and designing new 1light
systems, I have arrived at the opinion that this cycle can and indeed has contributed
to premature failure problems. This chart illustrates two optional paths from system
definition to hardware delivery, and in my opinion, all too cften we have taken the
spiral path to arrive at over-cost behind schedule systems with marginal performance.
A number of specific examples can be cited.

OVER COST, REHIND
SCHEOULE SYSTEM
cosTLY
WITH MARGINAL
MODIFICATIONS it
REOUCED
|Penronmance
GOALS
SYSTEM REALISTIC 8iD
DEFINITION sAED ON
AND frrereememael] -HARD NOSED" CLST,
PERFORMANCE ANO
PERFORMANCE LANLITY T
GOALS [ awJorTstic mo BADKE
MIGH PENF.
LOW COST
Q3
ey scheon? SONTRACT NEGOTIATED
FIXED PERF, REQ. LOW
COST TIOMT SCHECULE
STRUCTURAL
FAILURES
E <~<::>
SYSTEM DESIGN
LOW WEIGHT, MGH
STRENGTH FRACTURE
ENSITIVE MATLS. ANO
HIGH COBT MFG
CONTRACT oM O.C. DESIGN CONCEPTS
TERMINATION REQUIREMENTS




SOME EXAMPLES OF SPECIFIC CAUSES OF STRUCTURAL FAILURES

(Missile/Space Structure)

This chart shows a numbev of photographs of fracture origins in aerospace pressure
vessels, All fractures resulted from surface or subsurface flaws that attained
critical sizu prior to gruowing through the thickness of the vessel walls. Failure
occurred when the flaw tip stress intensity, k, reached the critical value for the
specific vessel material. With the exception of the APOLLO SPS tank, all flaws
shown were pre-existing and were not detected by the NDI procedures used., The
surface flaw in the titanium SPS tank was a stress corrosion crack that formed
during cold flow testing with methanol.

The flaws shown in these photographs are typical of those seen in many other
pressure vessel failures.

PRE-EXISTING CRACK TS ¢
\m WELDMENT .
. - 4 —r_ . ”J : [
~1 12~-——~—J ]_ —2
0T . MZ TITANIUM MOTOR CASE
260" MOTOR CASE BOMARC He TANK FAILURE ORIGIN
FAILURE ORIGIN FAILURE ORIGIN
f ?mzﬁkm
AL..’,ta‘ﬂ STRESS CORROSION CRACK RESULTING " . ;7
N
.}f{,ﬂ; r"vm
M2 TITANIUM MOTOR CASE APOLLO SPS TANK ALUMINUM
FAILURE ORIGIN FAILURE ORISIN PRESSURE VESSEL

FAILURE ORIGIN




P SOME _EXAMPLES OF SPECIFIC CAUSES OF STRUCTURAL FAILURES

S (Airplane Structure)

This chart shows several photographs of fracture origins in aircraft components, Two are

commercial aircraft landing gear components that failed as a result of corrosion fatigue.

One is a fatigue failure of a structural stiffener and the other a fatigi: failure of a

rotor blade socket. Prebably one of the most common types of cracks observed in aircraft

o component failures has been the corner crack emanating from a hole like that shown in the
cer structural stiffener.
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SOME EXAMPLES OF SPECIFIC CAUSES OF STRUCTURAL FAILURES

(industrial Equipment)

Structur<l failures have not been uniquely an aerospace problem. This chart illustrates
several - :iiures of industrial equipment, Again it should be noted that pre-existinw
flaws are the predominant cause of failure.

TORSIONAL FATIGUE .
CRACK INITIATING - -\

AT POINT OF
mmn%'cmlou

CRANK SHAFT FAILURE A OEEL SHAIT

CRANE HOOK
FAILURE ORIGIN

‘:/- ’ ; .. h ]
{4‘ - ‘4 “J“ ‘ ,\m o
%
; ' B (‘ i_ , -
- R r'n A R ST 'r.\)
4340 STEEL YOKE CRANK PIN ON AN HYDROGEN BLISTERS ;
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X Reference: T. J. Dolan, U. of 11l T&A,M. Report #682
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DESIGN PHILOSQPHY
("Fail Safe" or "Safe Life"?)

There are currently two basic design philosophies or criteria in the design of aerospace
structure that are intended to provide assurance against structural failure. They are the
“"Fail Safe" criteria and the "Safe Life'" criteria. The requirement for "Fail Safe' design
is that the failure of a single structural member, for example, "a wing sp-~r, skin panel,
fuselage stringer, etc" shall not result in failure of the vehicle. The recent failure of
the C-5A lower wing skin panels, main landing gear component failures, and commercial air-
plane upper wing skin cracking problems are examples of "Fail Safe" structure. These failures
have not resulted in the loss of aircraft but obviously have imposed severe economic and op-
erational problems. Most launch vehicles and spacecraft pressure vessels are "Safe Life"
structures. They are highly stressed single load path structures where failure can result
in abort of the mission, loss of the vehicle, and/or loss of life. Some major components

on several military aircraft have also been designed to be "Safe Life". The F-111 wing
pivot and carry-thru structures are examples of single load path structures that were in-
tended to be "Safe Life" but have experienced some difficulties in attaining this goal.

It is my opinion that the Space Shuttle Vehicle will require a combination of both design
concepts. The main and auxiliary tankage will undoubtedly have to be primarily 'Safe Life"
structure. However, it is likely that the wing, empenage, and perhaps part of the fuselage
can be designed to be "Fail Safe". In order to achieve "Safe Life" and also prevent ex-
pensive component fractures in "Fail Safe'" structures, it is necessary to assure that maximum
size initial flaws that could be in the structure will not reach critical size during the
required life span.

"FAIL SAFE" "SAFE LIFE"

CURRENT (_‘%_)ﬂ
APPLICATIONS # ;

COMMERCIAL AIRCRAFT SOME MILITARY
STRUCTURE e L AIRCRAFT STRUCTURE
TANKAGE
MAXIMUM POSSIBLE INITIAL FLAWS
REQUIREMENT ﬂ MEMBER WILL NOT RESULT OR DEFECTS WILL NOT GROW TO
oy LL oY RE CRITICAL SIZE DURING LIFE

SPAN OF VEHICLE

SPACE SHUTTLE

IMPROVED FRACTURE -

CONTROL PROCEDURES ECONOMIC & GPERATIONAL P iseron

REQUIRED TO PROBLEMS = LOSS OF VEHICLE
= LOSS OF LIFE
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THE ELEMENTS OF EFFECTIVE FRACTURE CONTROL

The elements of failure prevention for effective fracture control are illustrated in this
chart. The three main vrequirements (or needs) are: 1) accurate structural life and failure
mode prediction methods, 2) experimental fracture and subcritical flaw growth data for use
with these methods and 3) design trades which integrate the many other design considerations
shown. The output of these studies or trades should be the best possible material selection,
proof test factors, design factors, NDI requirements, etc,
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EXAMPLE OF A DESIGN_TRADE

This chart shows a relatively simple example of a LH2 pressure vessel design trade study

which I have presented several times in the past and have explained in detail in Reference (*).
It shows the relationships between cyclic life, proof test factors, design ultimate factors,
allowable initial flaw sizes, and relative tank weights for two candidate tankage materials,
The significance of the chart can best be illustrated by selecting a specific required cyclic
life and then comparing the required proof test factors, allowable flaw sizes, and relative
weights of the aluminum and titanium vessels as a function of the design ultimate factor of
safety. This is done in the reference.

MAX ALLOWABLE INITIAL FLAW SIZE*
{CRITICAL SIZE AT O p00p
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CYCLES TO FAILURE

-

INTERRELATED FACTORS
AFEECTING THE WEIGHT AND RELIABILITY

OF LH, PRESSURE VESSELS *
(Design Temp. = 423

DRSIGN ULTIMATE FACTOR OF SAFETY
N

*THICCWALLED (ie. (s/0), < 8

#NASA Space Vehicle design criteria monograph

"Fracture Control of Metallic Pressure Vessels",
May 1970
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SOME OBSERVATIONS ON CURRENT STATUS

This chart presents some general observations as to the status (or the state-of-the-art} of

several requirements for effective fracture control. As seen from the chart, there is a need

for further improvement in the structural life and failure mode prediction methods, and a need

for additional experimental fracture toughness and subcritical flaw growth data (cyclic and

sustained load) for candidate structural materials, particularly at elevated temperatures.

Boeing's current data on steels, aluminums and titaniums are for room temperature and lower.
& - Current NDI procedures are not considered to be capable of reliably detecting all potentially
: dangerous flaws and this in turn has lead to further emphasis on the use of a properly de-
signed proof test for high strength pressure vessels. The proof test is being used as in-
spection method for some high strength steel structure in the F-111 aircraft. The need for
the use of the proof test on general airframe structure in the future is uncertain. Compre-
hensive documentation of fracture control procedures is needed.

REQUIREMENT
(OR NEED) STATUS

METHODS FOR PREDICTING — ===~ === ==~ NEED IMPROVEMENT IN ORDER

FAILURE MODES AND MINIMUM TO HANDLE STRUCTURES WITH

STRUCTURAL LIFE COMPLEX GEOMETRIES, LOADING
& ENVIRONMENT HISTORIES

RELIABLE FRACTURE TOUGHNESS —~ —=——=<==— CONSIDERABLE DATA AVAILABLE

AND SUBCRITICAL FLAW GROWTH DATA (More High Temp. Data Needed)

NDI CAPABILITIES=— === === == === NOT ADEQUATE FOR HIGH STRENGTH
FRACTURE SENSITIVE MATL'S

PROOF TESTING ——==——=====o===== UUSED AS NDI METHOD FOR PRESSURE
VESSELS
VERY LIMITED USE ON OTHER AIRFRAME :
STRUCTURE -

DOCUMENTATION OF FRACT. CONTROL = = = === FRAGMENTED

PROCEDURES & METHODS




SOME AREAS OF FRACTURE RESEARCH IMPORTANT TO THE SPACE SHUTTLE

This chart summarizes a number of areac of fracture research that I feel are important to
the Space Shuttle and is considered to be self explanatory.

® RESOLVE UNCERTAINTIES WITH REGARD TO GROWTH OF FLAWS ...
PRESSURE VESSELS & UPDATE LIFE PREDICTION PROCEDURES

® DEVELOP IMPROVED LIFE PRED ICTION PROCEDURES FOR GENERAL
AIRFRAME STRUCTURE.

@ EXPAND THE PRESENT QUANTITY OF FRACTURE TOUGHNESS AND SUBCRITICAL
FLAW GROWTH DATA FOR MATERIALS BEING CONSIDERED FOR USE ON SPACE SHUTTLE

©® PERFORM AN ASSESSMENT OF THE SUSCEPTIBILITY OF SPACE SHUTTLE MATERIALS TO
STRESS CORROSION CRACKING IN THE ANTICIPATED TEST AND SERV ICE ENVIRONMENTS

©® PERFORM APPLICATION AND TRADEOFFS BETWEEN CAND IDATE TANKAGE MATERIALS,
DESIGN FACTORS, PROOF FACTORS, LIFE REQUIREMENTS AND PROBABLE INSPECTION
CAPABILITIES TO DETERMINE MINIMUM WEIGHT DESIGNS

©® CONTINUE BASIC AND APPLIED RESEARCH IN SUCH AREAS AS:

- Corrosion Fatigue

-~ Thermal Cracking

~ Fracture Resistant Component Design
- Failure Of Composites

— Stress Intensity Factor Development
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STRUCTURAL DESIGN AND ANALYSIS OF THE SPACE SHUTTLE
G. R. Cowper, E. Kosko, G. M. Lindberg, and M, D. Olson

National Aeronautical Establishment
National Research Council of Canada
Ottawa, Canada

ABSTRACT

Quoting from NASA sponsored ILRVS studies, characteristics of the space
shuttle are discussed that make the use of advanced design and analysis methods
imperative. Special features of the vehicle are outlined tougether with structural
and thermal problem areas requiring the use of advanced methods. Existing methods
and analytical tools are reviewed, and a survey 1s made of areas in need of
improvement. The basic tool is matrix analysis based on the finite element
approach. There 1s a need for updating available programs by including improved
or refined finite elements. One example shows the advantages of such refined
finite elements, A second example deals with a problem of random structural response
solved with the help of finite elements.
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1. NEED FOR ADVANCED METHODS

Recent NASA sponsored studies of the Integrated Launch and Reentry Vehicle
have revealed three principal characteristics that make necessary the use of advanced
methods in the design and analysis of the structure and thermal protection system of
the space shuttle., One is the fact that weight estimates nut based on experience
with actual vehicles could easily be exceeded. The studies show that a mere 15 percent
increase in inert welght of both stages would wipe out the entire payload capability.
Further, the mission profile includes a diversity of rcgimes never encountered before:
piggy-back vertical launch, space flight, atmospheric entry, and flight with speed
ranze from hypersonic down to airplane-iype landing. .Third, the goal Of using the
same vehicle 100 times with minimum refurbishment implies a long 1i}e of all compon-
ants; this may be difficult to achleve in view of the environmental degradation of
these components.

7n more detail, some of the structural problems calling for advanced methods are:

- nor-cylindrical shape of bcth stéées, requiring special design of propellant
tanks for optimal utilization of volume;

- unexplored phenomena of buffeting and flutter that may be encountered during
launch arid reentry;

- the highly nonlinear behavior of mater;als due to temperature dependence of
elastic znd thermal properties; -

- various structural problems connected with the h=zat shield.

-v

—WEIGHT TRITICALITY AND SENSITIVITY
. —COMPLEXITY OF MISSION AND VARIETY OF REGIMES

—CONDITION OF RE -USABILITY

—HEW SHAPE FOR RE-ENTRY ENVIRONMENT
—UNEXPLORED FLUTTER AND BUFFETING PHENOMENA

—ANTICIPATED NON-LINEAR MA;I’ERIALS BEMAVIOR

—=-TRUCTURAL PROBLEMS OF HEAT SHIE_DIN.

& N
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2, SAMPLING OF PROBLEM ARFAS

To be more specific, we 1ist some of the problem areas in the thermal and

structural analysis.

For adequate analysis the structure with its thermal protection system must be
represented by a mcdel sufficiently accurate to reproduce the essentlial features, but
not so encumbered with details as to make the large-scale calculation inefficient anad
difficult to interpret.

The analysis must take intc account nonlinearities such as inelastic material
behavior, temperature-dependent elastic and thermal properties, the occurrence of
ereep and of buckling phenomena ausociated with elevated temperatures and high rates

of heating.
Since the vehicles are to te used to to 100 times, the effect of repeated loading

and thermal cyeling on the flightworthiness of the structure must be carefully ciken
into consideration to obtain a satisrfactory structural life.

— ADEQUATE IDEALIZATION OF COMPLEX STRUCTURE
INCLUDING THERMAL PROTECTION SYSTEM

—HIGH TEMPERATURE AND HIGH BUFFET LOADS wiL
REQUIRE CONSIDERATION OF NON-LINEAR BEHAVIOR
INCLUDING CREEP AND STRUCTURAL INSTABILITY

— RE-USABILITY DEMANDS ASSESSMENT OF RESIDUAL
DEFORMATION BUILD-UP DUE TO CYCLING
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3. ANALYTICAL TOOLS AVAILABLE

The basic tool for analyzing complex ustructures consists in using matrix calculus
along with adequate computer hardware and software. The methods of finite differences
and numerical integration are suitable only for relatively simple configurations. The
preferred method requires the idealization of the structure as an assamblage of finite
elements. Two verslons of the finite element method are in general use: the displace-
ment (or stiffness) method, ard the force method using redundancies., There is a wide
cholce of elements. The kind of elements used has a declsive bearing on the quality
and size of the analysis. The sinplest elements are not always the most suitable.

Efficient programming is faciliiated by employing general programs designed for
that purpose. Such as the few listed on the slide.

In addition, most of the aerospace companies have developed their own programs
and would, no doubt, prefer to use them as much as possible.

Finally, there is a large number of programs designed to solve specific structural
problems. The analyst should be able to take advantage of the best of them.

MATRIX METHODS OF ANALYSIS
-FINITE ELEMENT METHODS :-DISPLACEMENT METHOD
-FORCE METHOD

-FINITE DIFFERENCES (REGULAR GEOMETRIES ONLY)
-NUMERICAL INTEGRATION
GENERAL COMPUTER PROGRAMS
-NASTRAN, FORMAT, SAMIS, ASKA
ANY AM
SPECIAL PURPQOSE PROGRAMS
-ICES -STRUDL (FRAMED STRUCTURES)
-SABOR (SHELLS OF REVOLUTION)
-BOSOR (BUCKLING OF SHELLS OF REVOLUTION)
AND MANY OTHERS



L, NEED FOR METHOD DEVELOPMENT

In view of the advanced nature of the Hroject and of the magnitude of the
structural problems anti~ipated, the exlsting methods cannot be expected to be satis-
factory. Hopefully, in most cases it may be sufficlent to stretch and improve the

existing methods. Let us !;st Chose areas in which such developments seem the

most
necessary.

In the analysis of heat transfer and of resulting transient thermal stresses in
irregularly shaped bodies (possibly with temperature dependent and anistropic conduc-
tivity) the finite element method offers great promise, This is true in particular
of the various details of the heat shield, such as joints, access doors and cut-outs,
supports and edge members.

The predictiur .. random response of complex structures requires a good represen-

tation of the structure, Here 00, the use of refined finite elements should be a key

factor in obtaining good solutions,

A variety of optimization nroblems will have to be tackled, and in each case it

will be necessary to choose the most appropriate method among the large number avail-
able, A few examples of such problems are listed on the slide.

Finally, in our experience with finite element methods at the N.R.C., we have

found that the brute force approach using a large number of simple elements is not
always the mest efficient one.

FINITE - ELEMENT METHOD APPLIED TO HEAT TRANSFER

AND TRANSIENT THERMAL STRESS ANALYSIS
APPLICATION OF FINITE-ELEMENT METHOD TO DETAIL

DESIGN AND ANALYSIS OF DISCONTINUITIES IN HEAT SHEELD
IMPROVEMENT IN PREDICTIONS OF RANOOM RESPONSE
OPTIMIZATION STUDIES

-DESIGN MINIMIZING THERMAL STRESSES

-WEIGHT vs. FAIL-SAFE DESIGN

-TRADE -OFF BETWEEN MATERIALS

-NATURAL FREQUENCY CONSTRAINTS

-AERO-ELASTIC CONSTRAINTS
INCLUSION OF REFINED FINITE ELEMENTS IN EXISTING

GENERAL PROGRAMS FOR MORE EFFICIENT ANALYSIS
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5. ADVANTAGES OF REPINED FINITE ELEMENTS

The advantages of refined finite elements are three-fold:
(a) 1In comparison with first generation elements, equal accuracy can be obtained with
fewer overall degrees of freedom. Since computing time and cost both increase with the
number of overall degrees of freedom, refined elements promise economies. This 1is
particularly important in optimizatioun studies where repeated analynis and re-design
may be required.
(b) Reliable and direct predictions of stresses are obtalned. First generation
elements, in contrast, generally give rather crude predictions of stress which, more-
over, usually have to be doctored by semi-empirical smoothing and averaging procedures,
(c) Refined elements satisfy sufficient conditions to guarantee convergence to the
mathematically "exact" solution. This not only bolsters confidence in a finite element
analysis, but also elucidates the nature of the errors and makes error estimates
possible, Furthermore, the rate of convergence is far superior to that for first-
generation eiements.

SMALLER OVERALL PROBLEM SIZE

IMPROVED PREDICTIONS OF STRESSES

RAPID CONVERGENCE ASSURED



6. REFINED FINITE ELEMENTS DEVELOPED BY N.R.C.

For the past two to three years a group within the Structures and Materials
Laboratory, of the National Research Council of Canada, has plioneered the development
of many refined finite elements. In most cases the development has been carried to
the point where there are in being weil-checked element subroutines ulich could be
incorporated into an up-dated version of NASTRAN or other systems. Unfortunately
the documentation has lagged behind the development of programs, so that only part of
the work is contained in readlly avallable references.

The elements have been applied to studies of (a) random response to jet noise of
an integrally stiffzned panel, (b) natural modes of tapered cantilevered fan blades,
(c) supersonic flutter of rectangular panels 2nd cantilevered delta fins, (d) stresses
around cut-outs in cylindrical shells, among others.

- TRIANGULAR PLATE BENDING ELEMENT

- TRIANGULAR PLANE STRESS ELEMENT

- TRIANGULAR SHALLOW SHELL ELEMENT

- TRIANGULAR CYLINDRICAL SHELL ELEMENT
~CURVILINEAR TRIANGULAR ELEMENTS

- TRIANGULAR DEEP SHELL ELEMENT (IN PROGRESS)
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7. COMPARISON OF ELEMENTS

The 1llustration shows a zivil engineering problem which has been analysed using
various finite elements. The problem provides a searching test of finite elements
for shells since both membrane and bending actions are important. The cited references
represent previous analyses of the same problem using various single flat plate and
curved shell elements. The great improvement in efficiency obtalned by the use of
refined elements (shown in the illustration by the square symbols) should be noted.

Ref.: Cowper, G.R., Lindberg, G.M., and Olson, B.D., "A Shallow Shell Finite Elem=nt
of Triangular Shape", International Journal of Solids and Structures, in press.
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8. RANDOM RESPONSE STUDIES

The integrally stiffened panel shown is an example of bullt-up aerospace structure.
The panel is represented by :8 degree of freedom trinagular plate bending elements®,
and the stiffeners, by beam bending and torsional elements. Complete conformity is
provided between all elements. The free vibration modes and frequencies are thus
predicted and then used in a modal analysis of the panel's random response to jet noise.
A consistent finlte element method for calculating the modal force cross spectral matrix
is developed. The figure shoi the comparison between a predicted (dashed) and measured
displacement spectra on the janel.*#*

#Cowper, G.R., et al, "Static and Dynamic Applications of a High Precision Triangular
Plate Bending Element™, AIAA J., Vol. 7, No.10 1969, pp. 1957-1965.

#%0lson, M.D., and Lindberg, G.M., "Free Vibrations and Random Response of an Integrally
Stiffened Panel", Presented at the Symnosium on Current Advances in Sonic Fatigue,

The University, Southampton, Sagland, July 6-9, 1970.
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SECONDARY STRUCTURES AND MECHANISMS ~—
DESIGN TROUBLE AREA FOR THE SPACE SHUTTLE
Eldon E. Kordes

NASA Flight Research Center
Edwards, California

SUMMARY

The design of secondary structures and mechanisms for a reusable space
shuttle can produce problems as serious as those involved in designing the
primary structure and thermal protection system. Several events involving
failure of secondary structures during the X-15 flight program have been selected
to illustrate potential problem areas, Similar problems may be expected on
future reusable vehicles until additional research provides adequate design
information in these areas.

INTRODUCTION

The principal design effort for the space shuttle will rightfuliy concentrate
on the selection of materials and on the structural concepts for the primary
structure and the thermal protection system. However, secondary structure and
mechanism could present as serious design problems as any encountered on the
primary structure. Many of these problems are associated with the difficulties
of predicting the extent and magnitude of local heating from small-scale models
or from analysis. Reusable vehicles require many doors, hatches, control
surfaces, and antennas that produce local heating and their own types of thermal
design problems. During the X-15 program, which utilized the only vehicle to
attain repeated flights to hypersonic speeds, events occurred involving mechanism
and secondary structures that could have led to loss of the vehicle. Many of
these events are typical of piloted reusable vehicles, and the same effects or
problems can be expected on future vehicles, including the space shuttle, This
paper describes some of these events and points out the types of problems that
are expected to require special attention during the design of the space shuttle,
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APPLICABILITY OF ATR FORCE FLIGHT DYNAMICS LABORATORY
HIGH TEMPERATURE STRUCTURAL FACILITY
TO SPACE SHUTTLE COMPONENT TESTS ’
Robert L. Cavanaugh and Sanford Lustig |
fir Force Flight Dynamics Laboratory
Wright Patterson Air Force Base, Ohio
The necessity for thorough ground testing of manned space systems
prior to flight is universally recognized. We are all well aware of
the large investment in complex test facilities for Apollo hardware.
None of these facilities can be used for the very vital structural R
integrity testing that will be required for space shuttles. Existing
NASA or U.S. Air Force structural test facilities will have to be
greatly expanded or totally new facilities will have to be constructed
to do the job.

The test techniques for space shuttle structural testing alsc

will require extensive study and development efforts, but many of the
techniques and significant facility capability have been developed by

.he U.S. Air Force as a result of its long standing interest in the

hypersonic flight regime. For more than a decade the Air Force Flight

. o0

Dynamics Laboratory (AFFDL) and its predecessor organizations at Wright-

Patterson Air Force Base have been active in furthering the technology o

required for the design, development and testing of hypersonic vehicles.
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All of this technology is directly applicable to today's space shuttle ;%:-

efforis.
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Most of the USAF's structures test experience with lifting body,
hypersonic vehicles has been obtained in the Structures Test Facility
of the AFFDL (Figure No. 1),

This experience began in 1959 with the structural tests of the
Boeing "Hot Structure" (Figure No. 2) and Bell "Double Wall Structure'
(Figure No. 3). These were end items of a manufacturing methods
demonstration program and they represented proposed X~20 (Dyna-Soar)
structural concepts. From 1259 to 1961 these test programs were
successfully accomplished. For the first time, programmed test
temperatures simulating flight isotherms to 2000°F were applied to
large structures (Figure No. 4). Predicted flight loads were
simultaneously applied on a common time base and temperature and
deflection measurements were successfully made in this temperature
regime.

At the conclusion of these two test programs the AFFDL Structures
Test Facility was committed to conduct aili raquired structural tests
for the X-20 (Dyna~Soar) Glider (Figure No. 5) and transition section.
At the time, it was anticipated that test temperatures as high as 3000°
might be required. The "Hot Structure” and "Double Wall Structure" test
programs had indicated that extensive test techniques development would
be required to push the state-of-the-art of heating from 2000°F to 300C°F,
The same intensive development effort would be required for the loading
and instrumentation systems and techniques. This development program
wag begun in 1962, The initial efforts were concentrated in the following

areas:
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FIGURE 4

FIGURE 5

FIGURE 6
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1. Instrumentation ~ These development eftorts were primarily

aimed at determining thermocouple types, sizes, and methods of
attachment to coated refractory metal heat shields. High temperature
strain gages for the anticipated test temperatures were not expected to
be a likely development for use during these tests, but efforts to
develop an 1800°F strain gage were pursued. A 3000°F deflection
measuring was required.

2. Thermal. Simulation

Infrared heater development capable of 3000°F simulation
including heater spacing; power requirements; compatibility with
instrumentation when large smounts of power are required; control
thermocouple requirements per unit area, and control thermocouple
paralleling techniques.

3. Load Simulation - Loads were to be applied to the cooler
upper surface and would involve development of loading methods in a
1500°F enviromment,

4. General Problems =~ Such as the use of remote television
coverage, support equipment problems, etc.

This development effort was conducted on a priority basis until
the Dyna-Soar was cancelled in late 1963. Heater development efforts
were continued in order to satisfy the 3200°F heating requirements for
the Aeronca Thermantic Structure Test Program which began in December
1964 (Figure No. 6).

Flame heating techniques were considered because it was questionable

if infra-heating could he used for temperatures over 3000°F. Flame
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heating was discarded because of poor temperature control and an
unbearable noise level when heating large areas. The thermantic
structure was internally cooled and was to be loaded internally during
rthe tests. Due to problems with the structure and some of the test
equipment, all of the test goals were not met. However, we did achieve
test temperatures up to 3195°F on a heated area of 70 square feet
(Figure No. 7). This demonstrated our capability of the accurately
controlled heating of large structures to temperatures in excess of
3000°F and also taught us a great deal about the capabilities and
proper handling or our large scale heating test support equipment.

Hypersonic structures testing was continued in 1965 with the
tests of an X-20 Elevon (Figure No. 8) and an X-20 side window
(Figure No. 9). Both of these programs were part of fall-out efforts
relating to Dyna-Soar hardware already fabricated prior to Dyna-Soar
program cancellation. All ascent and reentry loading and heating
environments were successfully simulated using the test techniques
developed for the previously described programs.

In 1966 the Structures Test Facility began its most ambitious
effort in hypersonic structures testing. A cryogenic fuel carrying
test article, built by the Martin Company for the Advanced Structural
Concepts Experimental Program (ASCEP), was subjected to real-time i

ascent and reentry condition simulation. Th's was the largest
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refractory metal structure ever assembled (Figure No. 10). Additional

facility capability for the liquid nitrogen fuel simulant was required
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FIGURE 10

znd developed for this program. The overall test requirements are

shown in Figure No. 11.

" e 60 HEATING CHANNELS
o 53 LOADING CHANNELS
® 5000 RADIANT HEAT LAMPS
® 19 LOAD VS. TIME PROGRAMS
® 12 HEAT VS. TIME PROGRAMS
o 800 GALLON LN,
® 260 THERMOCOUPLES
e 31 DEFLECTION TRANSDUCERS
e 524 STRAIN GAGES ( ROOM TEMP. )
e 2140°F MAX. LOWER SURFACE TEMP.
o CDC 16048 BACK-UP SAFETY

FIGURE 11
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This has been a summary of the major hypersonic structure test
programs conducted within the AFFDL Structures Test Facility. Reports
with details of these programs are available at the AFFDL. A brief

description of the Structures Test Facility and its present capability

is now in order.

The AFFDL's Structural Test Facility was originally designed to
conduct structural integrity qualification tests of United States Air
Force aircraft. The main test floor is 251 feet in length, 170 feet
in width and is constructed of 36-inch thick reinforced concrete.

Load reaction fittings are built into the test floor in such a fashion
that a 10,000 pound load can be reacted at each corner of a five-foot

by five-foot grid covering the entire test floor.

The test jig member: are standard structural steel shapes having
13/16 inch holes pre-punched or drilled on either three or six-~inch

centers. The jig members are bolted together.

Test jig construction and test article emplacement is by two
75-ton traveling bridge cranes which can work the entire test floor
area. A third traveling bridge crane, of 150-ton capacity, covers a
110 foot by 66 foot area in the center of the test floor. The center
bay area has a clear height of 121 feet, while the two end bays have
clear heights of 86 feet. Test jig heights are normally limited to
approximately 60 feet in order to permit travel of the 75-ton cranes

over the entire test floor, although exceptions can be made to this

H

limitation.

\ 109

SISV AU DUV S S O

G v it

~

ot v,

-‘..-“.
A

LTS




L

F o e =N

0

I e K% 2 2 XF A N 25, N v e

I, e meled

o

FED ER  SU SN

MAIN TEST FLOOR CAPABILITY

UNOBSTRUCTED TEST AREA
21 FT. LONG X 170 FV. WIDE X 86 FT. HIGH
(121 FT. HIGH CENTER BAY)
CRANE CAPACITY
2 75-TON CRANES COVER ENTIRE TEST AREA
1 150-TON CRANE COVERS ENTIRE HIGH BAY AREA
STRUCTURAL FLOOR WITH 5 FT. X 5 FT. LOAD REACTION GRID

"ERECTOR SET " TEST JIG MEMBERS

FIGURE 12
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The size of the facility can be better appreciated when one

realizes that a B-70 and B-58 test structure can simultaneously be

accommodated within the test facility.

Elevated temperature testing can be conducted anywhere on the
test floor unless cryogenic fuel simulation is required. In such
cases, testing presently must be confined to a special area on the

test floor.

AFFDL STRUCTURAL TEST FACILITY MAIN TEST FLOOR
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; FIGURE 13
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The aerodynamic and inertia load simulation systems used by the
test facility are representative of pres: .t state-of-the-art within

the testing community.

Whenever the Thermal Protective System (TPS) of a test structure
prohibits penetration by loading hardware, and the TPS cannot be
omitted, either concentrated loads must be applied to structural
members extending beyond the region of test interest or the loading
must be done internally. No fixed rule can be applied in such cases

and each test structure must be considered individually.

If combined load and thermal simulation is a firm test requirement,

it is desirable to involve test personnel very early in the design of
the test structure in order to thoroughly explore all problems and

arrive at compromises satisfactory to all interests.

LOAD ENVIRONMENT SIMULATION

o CENTRAL HYDRAULIC SUPPLY SYSTEM OF 200 GPM CAPACITY
AT 5000 Psli

e 166 HYDRAULIC CYLINBERS RANGING IN CAPACITY FROM
2,000 LBS, TO 65,000 LBS. (TENSION) AT 5000 PSI, WITH
STROKES RANGING FROM 12 INS. TO 36 INS.

e CONTROL BY PRESSURE (EDISON - OPEN LOOP ) OR‘ BY ELEC-
TROHYDRAULIC CLOSED LOOP

o LOAD INTRODUCED BY RIV BONDED TENSION PADS ( 600°F )
OR BY LOAD BOLTS.

FIGURE 14
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Closed loop, force feedback, analog load control systems having
the general characteristics shown on Figure 15 are used by the Test
Facility for cyclic loading, or ascent and entry load history
simulation on a real-time basis. Load magnitude and load rate limits
can be set on each channel for protection of the test structure. Force
feedback is supplied by one bridge of dual-bridge, resistance strain
gage load cells in series with each hydraulic loading cylinder. The
desired force input functions are obtained from various types of

function generators to be described later.

The program input and force feedback signals are compared in a
differential amplifier within the controller. Any difference is an
error voltage which is amplified and applied to the servovalve
associated with the loading cylinder, for directing hydraulic fluid
in the proper direction to correct the load and reduce the error to

zZero.

LOAD ENVIRONMENT SIMULATION
® CLOSED - LOOP LOAD CONTROLLING EQUIPMENT
EXTERNALLY PROGRAMMED OR MANUAL CONTROL
FAILSAFE PROVISIONS
MAXIMUM CYCLING RATE - 10 CPS

TENSION - COMPRESSION
PRE-LOAD PROVISICNS

® 50 - CHANNEL SYSTEM:
0-35,000 LBS. PER CHANNEL

® 26 - CHANNEL SOLID STATE SYSTEM:
0.- 50,000 .LBS. PER CHANNEL
INTERLOCK WITH 50 - CHANNEL SYSTEM

® 10 - CHANNEL IN-HOUSE LOAD SYSTEM '

FIGURE 15
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The simulation of an orbital entry thermal enviromment on even
modest sized 1lifting body test structures requires a large quantity
of electrical power. The power available to the test facility is
shown on Figure 16.

Three phase, 60 cycle electrical energy is supplied at 69,000
volts to ar electrical substation immediately adjacent to the test
facility., Within the substation it is stepped-down to 6900 volts and
transmitted to unit substations within the test facility. In turn,
the unit substations supply 600 volt power to the 80 580KW, back-to-back
ignitron power regulators.

Regulated power from the ignitron units, controlled by special
purpose heat control computers, is available for radient energy
heating purposes at any of three locations on the main test floor.

If smaller power blocks are desired, the 60 KW (ignitron) or
25 KW (thyratron) power regulator/controliers may be employed. These
regulator/controllers may be operated in either the temperature set~point
or time-temperature control mode using external function generators

(including the special purpose heat control computers).

TEMPERATURE ENVIRONMENT SIMULATION

e ELECTRICAL POWER RATING -
20,000 KVA - CONTINUOUS
38,800 KVA - 2 HOURS
3,740 KVA - 30 MINUTES
50,000 KVA - 5 MINUTES

® RADIANT HEATING POWER
80 580-KW POWER LOOPS OPERATING UNDER SPECIAL
PURPOSE COMPUTER PROGRAMMING (HEAT FLUX OR
TIME-TEMPERATURE )} AND CONTROL

210 60 - KW AND M0 25-KW POWER LOOPS OPERATING -
UNDER TIME - TEAPERATURE CONTROL.

FIGURE 16
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In the event that the flight vehicle carrys on-board cryogenic
propellants it is important that the cryogenic heat sink and
associated insulation be simulated within the test structure if the

proper temperature gradients and thermal stresses are to be achieved.

At the present time the test facility uses liquid nitrogen as the
simulated cryogenic fuel. Safety considerations require that such
testing be conducted within a special, open top test enclosure. The
cryogenic fuel simulation system is presently operational, but if the
eryogenic fluid is to be withdrawn from the test structure's fuel tank
(e.g., to simulate engine usage) the 750 GPM discharge pump and 8-inch
line should be replaced with units specifically compatible with each

test structure to avoid pump cavitation problems.

TEMPERATURE ENVIRONMENT SIMULATION
o CRYOGENIC FUEL SIMULATION

10,000 GAL. LN, STORAGF
30 FT. X 60 DFT, X 20 FT. TEST ENCLOSURE
OUTSIDE LN, DUMP PIT

AUTOMATIC CONTROL AND SEQUENCE VALVES
250 GPM SUPPLY PUMP

750 GPM DISCHARGE PUMP (8 IN. LINE)
COMPATIBLE WITH OTHER TEST SYSTEMS

FIGURE 17
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Input functions to the load and temperature controllers within
the facility are analog signals generated by either pure analcg or
hybrid equipment. Elevated temperature testing of lifting body entry
vehicie structures generally utilize the Special Purpose Heat Control

Cwruaters for function generation.

Two 40-channel and one 30~channel units make up the 110 channels
of temperature function generation/control equipment. Each unit has a
special purpose analog computer which is time shared by its associated
control channels at a commutation rate of ten computations per control
channel per second. Although the computers may be operated in either
the time-temperature, power-feedback, or time~heat flux mode, the

time-temperature mode i> utilized almost exclusively.

In this mode of operation the temperature feedback signal from
heat control zone thermocouple(s) is compared within the computer o
the programmed temperature function for that channel which has YLeen
stored within the computer. The amplified difference (error) signal
is transmitted to the channel's 500KW ignitron power regulator where
the electrical pover to the radiant heating units of the channel is

adjusted to drive the error signal to zero.
ENVIRONMENT PARAMETER FUNCTION GENERATION

® PURE ANALOG =
17 DATA TRAK CHANNELS
19 FM TAPE TRANSPORT CRANNELS
o HYBRID BIGITAL-ANALOG |
110 CHAN. SPECIAL PURPOSE HEAT CONTROL COMPUTERS
3 CHAN. INFORMATION TECHNOLOGY INC. 4901
J @ CHAN. CONTROL LOAD PROGRAMMER
116 PR
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Realizing the neod for valid data concerning the response of the
test article to its enviromment a large data acquisition and processing

system has been installed withiﬁ the facility and has the éharacteristics

and capabilities shown on Figure 19.

The higher sampling rate channels are usua}ly assigned to strain,

load, and deflection transducers while the slower channels are

R

associated with temperature measurements. Sampling rates can be varied
i in discrete steps during the test from the maximum rate to "on demand”.

All signal conditioning, nmultiplexing, and digitizing is done on the

PSRN

main test floor. The digitized data samples are cabie transmitted to
f the Data Room where recording, computer processing, and display’

operations are conducted.

PRI
PR P S L W INCIP L
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Small scale experiments in on-line digital control of test

parameters have been conducted using the Data Systems' CDC 1604B

computer.

It should be obvious from the foregoing material that the

S ST T A e

AFFDL's Structural Test Facility is operational and thit a significant

amount of experience has been accumulated in testing developmental

structures for hypersnnic flight vehicles. However, like any test
. facility, it does have certain limitations'gnd'dqficiepdgfnu_?Thé

{ . .
i most important of these are listed on the figure (Figure No. 20).
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- | HIGH SPEED DATA ACQUISITION :& PROCESSING SYSTEM
" ® 952 CHANNéLS WITH MAX. SAMPLING RATE OF 100 SAMP/CHAN/SEC.
® 972 CHANNELS WITH MAX. SAMPLING RATE OF 20 SAMP/CHAN/SEC.
¢ ACCURACY: + 1.3% READING OR 0.35% FULL SCALE

® RANGE: 25 MICROVOLTS TO 100 MILLIVOLYS

© RESOULTION: 12.5 MICROVOLTS

B | © MAGNETIC TAPE RECORDING OF ALL SAMPLED DATA

o ON-LINE OR OFF-LINE COMPUTER PROCESSING OF DATA

® ON-LINE OR OFF-LINE DISPLAY OF PROCESSED DATA

© MICRO-FILM HARD COPY

® OFF-LINE PLOTTING OF PROCESSED DATA

® CDC 1604B COMPUTER USED AS BACK-UP SAFETY AT EXPENSE OF
ON -LINE PROCESSING.

FIGURE 19

AFFDL STRUCTURAL TEST FACILITY LIMITATIONS

L. CANNOT ACHIEVE HIGH TEMPERATURES REQUIRED ON NOSE
CONES AND LEADING EDGES.

2. ABLATIVE TPS CANNOT REALISTICALLY BE TESTED

3. THERMO-STRUCTURAL EFFECTS OF LHy PROPELLANTS NOT
ADEQUATELY SIMULATED

4. NO ALTITUDE SIMULATION CAPABILITY

5. AVAILABLE ELECTRICAL POWER LIMITS TESTING TO COM-
PONENT-SIZED STRUCTURES.

6. MUCH OF EQUIPMENT REPRESENTS 1960 STATE-OF-ART

FIGURE 20
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Solutions to these limitations exist; for example, the AFFDL's
50-MW Gas Dynamics Facility is an excellent experimental structure's
research and development tool with which the effects of high

temperature and mass flow can be investigated.

This facility can be used to experimentally evaluate nose cone
and leading edge structural configurations and their attachment to

primary structure. It can also be used to explore candidate ablative

3
i thermal protection systems, their attachment to radiatively cooled
4§ structure, and the radlatively cooled structures themselves.
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Sections of a lifting-body, orbital entry vehicle containing
liquid hydrogen propellants internally could be tested with a
proposed MCP addition to the AFFDL's Structures Test Facility. The
addition would have the characteristics shown on Figure No. 22.
Extensive studies by the AFFDL indicate that such testing can be
conducted safely by surrounding the éest structure with an inert
atmosphere. After placing the structure and its test hardware in
the test chamber, the chamber would be pumped-down and an inert gas
such as nitrogen introduced at either reduced or sea-level pressure.
The internal tanks of the test structure would then be filled with

LH2 and the test condition of interest accomplished.

Such a test leg would have the additional benefit that structural
components whose thermal protection system efficiency is altitude
dependent can be more realistically tested by first pumping down the
chamber and then bleeding it back to sea-level pressure on a time-

programmed basis as the test progresses.

LH; /LN, STRUCTURES TEST FACLITY
AFFOL WPAFB , OHIO

FIGURE 22
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{4" LIQUID HYDROGEN / LIQUID NITROGEN TEST LEG

e 20,000 GAL. LIQUID HYDROGEN
e 28,000 GAL. LIQUID NITROGEN

e 30 FT. DIA. X 60 FT. LONG HORIZONTAL TEST CHAMBER
® 250,000 FT. PRESSURE ALTITUDE (1072 TORR)

® 129 LB /SEC GASEOUS HYDROGEN BURNING

® 3 PSIG TEST CHAMBER RELIEF PRESSURE

o INTERNAL LOAD REACTION FITTINGS

e WILL HOLD FULL SIZE OR LARGE SCALE COMPONENTS
20 FT. SPAN X 12 FT. HIGH X 40 FT. LONG
.20 FT. DIAMETER X 40 FT. LONG
7,000 LBS. LHy INTERNAL FUEL CAPACITY

FIGURE 23
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Sufficient space has been provided within the test facility to
permit doubling its power rating. Such an increase in power would
very nearly double the length of the structural component that
could be tested, although the exact size increase would be dependent upon
test structure geometry and heating requirements.

Increasing the electrical power would require an incrcase in the
number of control channels. Should this be done it would be wise to
consider replacing all 1960 vintage control equipment with modern
equipment.

Recent studies conducted by facility personnel indicate that
direct-digital-control techniques offer many advantages over the
hybrid-analog methods presently used, particularly in the area -f
temperature control. Equipment replacement, therefqre, would probably
be by "mini~computers" capable of either stand~alone or satellite
operation.

In summary, the AFFDL's Structures Test Facility has an operational
capability and extensive experience iﬁ éhé structural aevelopnent testing
of 1lifting body, orbital entry vehicles. The AFFDL's 50-MW Gas Dynamics
Facility nicely compliments the Structures Test Facility. Specific
modifications and additions to the Structures Test Facility could
enhance its contribution to the successful development of this new clasé

of flight vehicles.
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SPACE SHUTTLE STRUCTURAL PROTOTYPE
DESIGN, FABRICATION, AND TEST

E. E. Engler
NASA Marshall Space Flight Center
Huntsville, Alabama

Introduction:

In the development of large launch-vehicle structures, a number of different
structural tests are performed to verify selected design approaches. Depending
on the program phase, these tests will be of different type and magnitude.

During conceptual design, early material selection will necessitate physical
property evaluation such as strength, modulus of elasticity, corrosion resistance,
specific heat and others, if these can not be found in the current standards.

Also, selected structural elements will be tested for stability, strength,
fatigue resistance, acoustic response, thermal performance, and othﬁrs as required,

During preliminary design, prototypes of representative structures will be
designed, fabricated, and subjected to a variety of loading and environmental
conditions to assess the performance under simulated operational conditions.

In the final development phase of a vehicle system, full=gscale hardware is
built, inspected, and tested to qualify the structure. These tests include static
load, vibration and acoustic environment, thermal cycling and proof pressure,
depending on the particular element. The size of test hardware, load infensity,
and combination of test conditions is limited by facilities and cost.
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Critical Development Parameters

The listed parameters constitute the most important ones in the develop-
ment of the space shuttle structure,

Weight of the aerothermal structure and related parameters such as mass
fraction and CG location are dependent on the design requirements (reuse,
inspection and refurbishment).

Program cost for development and operation must be predicted accurately,

Development risk must be minimized to avoid program delays and cost
increases.
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MASS FRACTION (DRY WEIGHT)

TPS PERFORMANCE

WEIGHT DISTRIBUTION (CG LOCATION)

AEROTHERMAL STRUCTURE (MORE THAN 50% OF STAGE DRY WEIGHT)

STRUCTURE DESIGNED FOR REUSE, INSPECTION AND REFURBISHMENT
DEVELOPMENT AND OPERATIONAL COSTS '
DEVELOPMENT RISK
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Major Design Aspects .

The listed design aspects are a compilation vf design aspects pertinent to ;
the space shuttle structure. Design solutions jn these areas must be answered
during the prototype test program to reduce development risk and provide
direction for the development of an operational system.

FAIL-SAFE TPS/PRIMARY STRUCTURE FOR 100 REUSES

LOW WEIGHT AND COST

TRANSITION BETWEEN DIFFERENT TP5 MATERIALS

SEALING OF TPS ELEMENTS (PURGE AND VENTING)

LARGE DOORS IN TPS AND LOAD CARRYING STRUCTURE

OPERATIONAL REPLACEMENT OF TPS ELEMENTS

ACCESSIBILITY OF ALL STRUCTURAL ELEMENTS FOR INSPECTION AFTER ASSEMBLY

TRANSITION OF HOT AND COLD PRIMARY STRUCTURE

MINIMUM HEAT INPUT INTO PRIMARY STRUCTURE

S|ZE OF COMPOSITE STRUCTURES ,

ASSEMBLY OF COMPOSITE AND METAL STRUCTURES ;
!
{
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ENVIRONMENTAL PROTECTION OF COMPOSITE PARTS
REPAIR & REFURBISHMENT CONSIDERATIONS
INTRODUCTION OF LARGE CONCENTRATED LOADS INTO COMPOSITE STRUCTURES
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Test Program Objective

The planned test program will provide recommendations for the aerothermal
structure development program for the operational system and a realistic
weight forecast. It also will demonstrate the validity of selected materials,
analysis and design methods, fabrication, inspection and refurbishment aspects
for the required number of reuses,

It will also supply development and operational cost figures to be used in
preparing a realistic cost picture for the operational space shuttle program,

PROVIDE SCUND TPS/PRIMARY STRUCTURE RECOMMENDATIONS
PROVIDE REALISTIC WEIGHT DATA

DEMONSTRATE VALIDITY OF APPLIED ANALYSIS AND DESIGN METHODS
DEMONSTRATE REUSABILITY

DEMONSTRATE APPLICABLE FABRICATION METHODS

DEMONSTRATE OPERATIONAL INSPECTION METHODS

DEMONSTRATE OPERATIONAL REFURBISHMENT METHODS

PROVIDE BETTER DEVELOPMENT AND OPERATIONAL COST PREDICTIONS
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Program Ground Rules

The listed ground rules are established to assure similarity to a hardware
program,

Materials, anglysis methods, manufacturing teciiniques, inspection and
refurbishment procedures still in research are not utilized, The simulation of
flight environment is limited to the available facilities.

UTILIZE EXISTING MATERIALS AND COMPOSITE SYSTEMS

TEST STRUCTURE SIZE SUFFICIENT TO REPRESENT FLIGHT
HARDWARE

TEST STRUCTURES REPRESENT DIFFERENT SECTIONS OF
SHUTTLE VEHICLE

DESIGN, ANALYS(S, AND MANUFACTURING TECHNIQUES
EQUIVALENT TO FLIGHT HARDWARE

TESTS WILL SiMULATE FLIGHT ENVIRONMENT

INSPECTION AND REFURBISHMENT PROCEDURES EQUIVALENT
TO OPERATIONAL CONDITIONS

127

p e e v e e

m e e e G e v e~ e

0

e~ gn

el DT

i




R

PROGRAM OUTLINE

a,) RAL TESTS

DESIGN AND EVALUATE

4 PROTOTYPES REPRESENTING DIFFERENT ORBITER
AND BOOSTER SECTIONS INCLUDING TPS

LH2 CONTAINER SECTION (BOOSTERF*
LH2 CONTAINER SECTION (ORBITER)
CARGO COMPARTMENT SECTION (ORBITER)
FUSELAGE SECTION WITH WING ROOT (ORBITER)
b.) COMPOSITES FOR PRIMARY STRUCTURES
DESIGN AND EVALUATE

STAGE THRUST STRUCTURE*

SKIN PANELS

ENGINE SUPPORT BEAMS (SHEAR WEB AND TRUSS)




Prototype #l

The first prototype is representing the LHy area of a Space Shuttle booster,
The propellant container, fabricated from AL 2219~T87, has external stiffeners
and rings and internal foam insulation similar to the SIVB stage of the Saturn
launch vehicle., The forward and aft skirts are external stiffened cylinders, also
manufactured from AL 2219-T87. The heat shield is supported by the ring frames,
which extend to form the frames on the bottom of the structure,

The thermal protection system consists of corrugated skin panels with circum=~
ferential expansion joints and multiple flexible supports. The appropriate
materials used in the individual temperature zones are shown later, The high
temperature insulation consists of Microquartz battens, supported either by
separate titanium panels or are attached to the outer heat shield panel by wire
stitching.

LH2 TANK BOOSTER

DETAIL A
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Temperature Zounes

The shown temperature zones and utilized material are typical for prototype
#l. The weights given are for the respective TPS area and include high temper-
ature insulation, support panel, heat shield, and associated multiple supports.
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ZONE TENP MATERIAL - INSULATION w7 DESCRIPTION
42 POLYURETHANE "3-D INTERNAL 42LB/SQ FT TANK
T30 0% max | 2219187 C e N/A PRIMARY STRUCTURE .
/2 | 700°F MAX | T1-6A-4v .25 THICK MICROQUARTZ 1.8 LB/SQ FY EXTERNAL SKIN § :
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Prototype #1 will be subjected to a simulated flight profile as shown.
the prelaunch phase, the propellant tank is filled with LHp.
to ground wind and weight are applied.

Typical Test Environment

depleted and flight loads and heating is simulated.
structure is subjected to heat load according to the predicted temperature profile,

During subsonic flight, the structure is allowed to cool according to the indicated

temperature profile and body loads are applied.

landing is simulated as shown,

Low frequency vibration tests in three axis are performed to verify dynamic
response characteristics of the thermal protection system.

In
Vehicle loads due

During the ascent phase, propellants are
In the reentry phase, the

The bending moment peak during
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Test Facility

The mission simulation tests are performed in the shown test facility.
Hydraulic load equipment, LHy, GNy and LN and adequate instrumentation are
on site., The heater cage will be placed in the center of the facility.

Location of the facility allows hazardous testing (pressure, LHy etc,).
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Inspection and Quality Assurance

The shown sequence is the planned inspection and quality assurance effort
for the various prototypes and related components, It is similar to operational
requirements during flight hardware fabrication.

The post-test inspection also determines the necessary refurbishment between
simulated mission cycles,

RECEIVING

CONFIRM MATERIALS
A. EDDY CURRENT
B. THERMOELECTRIC
ESTABLISH TRACEABILITY

FABRICATION

PIECE PART INSPECTION
A. DIMENSIONAL ANALYSIS
B. CONFIRM MATERIALS (EDDY CURRENT/THERMOELECTR(C)
C. VISUAL INSPECTION
WELD EVALUATION
A. DYE PENETRANT
B. X-RADIOGRAPHY
C. ULTRASONICS
TANKAGE TESTS
A, LEAKTEST
B. HYDROSTATIC TEST

DURING TEST
TANKAGE
A. ACOUSTICAL EMISSION

POST-TEST
A, VISUAL INSPECTION
B8, ACOUSTICAL RESONANCE
C. MISC. NDT AS REQUIRZD



Thrust Structure

The thrust structure test section is a 1/3 scale simplified tail section of
the Space Shuttle booster, WNine load points, simulating the engine gimbal points,
are located on a system of beams. These cross beams are tied into the outer
barrel section, Each load point is capable of supporting 80 Klb simulated engine

thrust load.

The selection of the thrust structure for the application of composites is
made because major elements of typical primary structures are present, These
are: stiffened skin panels, ring frames and beams,

Composite systems utilized are: Boron-Epoxy, Graphite=Epoxy, and Boron=Aluminum.
During preliminary design, two beam constructions, shear web and open truss are
studied for each composite system. A parallel design, using titanium, is used as
comparison, One of each beam is designed, fabricated and tested, The composite
system selection is dependent on the results of the preliminary design study. Three
skin panels are fabricated and tested, using each of the mentioned composite systems.

An element selection for the final thrust structure design is made after
evaluation of the different elements, The thrust structure and all elements are
subjected to multiple load cycles to determine the reuseability. Acoustic and low
frequency vibration tests are also performed.
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Typical Test Arrangement

- Size and typical loadiag conditions for the two thrust structure elements, shear
web beam and skin panel, are shown.

! The loads shown are used for preliminary sizing and additional load cases are

planned for the hardware tests,
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Inspection and Quality Assurance

. The shown sequence is the planned inspection and quality assurance effort
' for the different composite elements and the thrust structure., It is similar to
operational requirements during flight hardware fabrication,

The post~test inspection also determines the necessary refurbishment between
simulated mission cycles.

RECEIVING
CONFIRM MATERIALS
ESTABLISH TRACEABILITY

FABRICATION
PIECE PART INSPECTION
a.) DIMENSIONAL ANALYSIS .
b.) CONFIRM MATERIAL (ULTRASONIC, X-RAY, OTHERS NOT)
c.) VISUAL INSPECTION

POST TEST - :
a.) VISUAL INSPECTION
b} CHECK INTEGRITY (MISC, NDT)
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SUMMARY |

PRIMARY ATTENTION GIVEN TO; §

WEIGHT AND COST OF STRUCTURE :

TPS/PRIMARY STRUCTURE INTEGRATION

DESIGN COMPLEXITY !

DESIGN FOR 100 REUSES

DESIGN FOR INSPECTION AND REFURBI SHMENT :

FAIL-SAFE STRUCTURE {

|

CONCLUSION |

OUTLINED PROGRAM WILL ESTABLISH DESIGN |

TECHNIQUES AND HARDWARE EXPER IENCE NECESSARY TO J
MINIMIZE DEVELOPMENT RISKS OF THE SPACE SHUTTLE PROJECT,
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THERMAL PROTECTION SYSTEMS - INTRODUCTION AND OVERVIEW

W. A, Brooks, Jr.
NASA Langley Research Center
Hampton, Virginia

Many assegssments of the technology status for the space shuttle have concluded that the most eritiecali

techrology area is that related to therral protection systems.
shuttle's smell payload margin, the most demanding requirement for thermal protection systems is an

extended service life wilh as many as 100 entries with minimel refurbishment. These requirements of

minimum weight and extended service life necessitate a vigorous program to determine materials capabili-
ties in the shuttle environment, provide nesded advances in materials and thermal proteation technology,
and produce light-weight systeme desipns with verified performance.

The following eight papers have been selected to provide information on major aspects of shuttle
thermal protection technology. The status of present technology, problem areas, and needed developments
will be identified. In addition, this papér and the following NASA papers constitute a brief review of
the NASA Space Shuttle Thermal Protaction Systems Techmology Program. The paper entitled "Dispersion
Strengthened Alloys" by K. Saunders describes activities which are part of the NASA Space Shuttle

Materials Technology Progrem and is presented with the following group of papers for continaity.
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A summary of the proposed NASA Space Shuttle Thermal Protection Systems Technology Program is given
in figuwre 1 with a listing of the major task areas and the identification of the NASA Centers wcrking each

area, The summary consists of activities initiated in FY 70 (most of which continue into FY 71) and

proposed new starts for FY T71.
The approximate FY 70 funds allocated to each area are shown to provide an indication of the scope of

‘.'. the program. The large dollar amount shown for Hon—Metallic TPS Development results in part from advanced

funding for plarned FY 71 activities, and thus is essentially funding for two years.
The individual doller amounts and the total are necessarily estimates as several of the initiated
procurzment actions involved have not been finalized and a final account of the FY 70 funding situation

is not yet available. A moderate increase in total funding for this technology is expected in FY 71.

SPACE SHUTTLE THERMAL PROTECTION SYSTEM TECHNOLOGY
PROPOSED NASA PROGRAM SUMMARY
NASA FUNDS, K$

MAJOR TASK CENTERS  FYT0 P
THERMAL PROTECTION SYSTEMS STUDIES MSC, WRC 125 1 -
METALLIC HEAT SHIELD OEVELOPMENT we 525 PR
HICH TEMPERATURE INSULATION DEVELOPMENT MSFC 150 i
NON-METALLIC TPS DEVELOPWENT MSC,IRC,ARC 2475 J
LOW-COST ABLATIVE TPS DEVELOPMEN LRC, MSC azs i
TEMPERATURE CONTROL SYSTEMS DEVELOPMENT MSC xxx }
COOLING SYSTEMS DEVELOPMENY MSFC,LRC xax { .
COMFRACT TESTING OF TPS MATERIALS axc xxx
MODIFICATION & OPERATION OF NASA TEST FACILITIES ARC, (RC 168 !

APPROKIMATE TOTAL 3860 j

o

oo - FY 71 START !
Figure 1 ,{
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Figures 2, 3, and 4 expand the summary by showing the program elements under each major task.
Unless otherwise noted, these elements involve contractual studies with those being initiated in FY 71
indicated by an asterisk.

Under Thermal Protection Systems Studies, a major activity is the development of an efficient

computer program for weight and performance analysis in design optimization studies. A detailed study

of venting and joint sealing requirements is also planned. Interest in the latter area results from
preliminary calculations of the heating due to air inflow through gaps in overlapping metallic heat
shields. These calculations show that significant temperature increases can occur at the edge of a metal
panel that is overlapped by an adjourning panel. In addition, it is planned to continue the study of

the interaction of the houndary layer and oxide surfaces — a phenomenon that is particularly important

in understanding the degradation of the dispersion strengthened alloy ™ Ni~Cr. Finally, the results from
contractual fabrication and refurbishment studies will be used in the development of a cost analysis.

NASA work related to Metallic Heat Shield Development will be amply covered by the second and third

papers of this group. Briefly, the principal items are scaling—up coated columbium technology and studying
the respond of the metal systems to simulated shuttle entry environments — particularly TD Ni~Cr.

In High Temperature Insulation Development, studies are in progress on the determination of the

reusability and design properties of high temperature insulation. Principal problems associated with high
temperature insulation are the development of methods for containing these low-density materials and

attaching the insulation blankets to the heat shield or primary structures.

SPACE SHUTTLE THERMAL PROTECTION SYSTEMS TECHMNOLOGY
ELEMENTS OF PROPOSED NASA FY 71 R&D PROGRAM

THERMAL PROJECTION SYSWENS STUDIES

OFVELOP COMPUTER PROGRAM FOR WEIGHE AND PERFORMANCE ANALYSIS
* DETERIAINE VENTING AND JOINT SEALING REQUIREMENFS FOR METALLIC PANELS .
m:nmmm—omm|mmmormum AND ON1DE SURFACES
BEVELOP HEAT SHIELD COST ANALYSIS (IN-HOUSEY ’

METALLIC HEAT SHIELD DEVELOMNEN
SCAME-UP COATED COLUMBIUM HEAT SHIELD TECHNOLOCY
SETERMINE EFFECTS OF SNUITLE ENVIRONMENTS ON T8 Mi-Cr AND CCATED RI-RACIORY
METALS (IN-HOUSE)
CONBUCT HEAT SHIELD BESIGN STUDIES (IN-HOUSE)
HICH TEMPERATURE INSULATION SEVELOPMENT

DETERMINE DESIGN PROFERTIES AND REUSABILITY
DEVELOP INSULATION PACKAGING AND ATTACHMENY TECHMIQUES

* FY 71 START Tigure 2
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Non—Metallic TPS Development will be covered in the following paper by D. Greenshield. The NASA

program centers mainly on the development of light~weight rigidized ceramic for use on the shuttle
exterior surfaces and the development of oxidation-inhibited carbon-reinforced carbon materials for
stagnation areas.

Low—Cost Ablative TPS Development, except for refuroishment studies, is the subject of a following

paper by R. Swann. The principal goal of this work is to identify and reduce the costs of ablative heat
shields. Refurbishment cost studies are discussed later by R.Goldin who describes a beginning NASA
contract study and presents results from a Lockheed Missiles and Space Company study.

Temperature Control of the shuttle orbiter has received very little attention in the shuttle studies
thus far. The proposed program consists of examining all mission phases and systems to identify
critical problem areas, to provide conceptual solutions for the critical areas, and to develop thermal
control components such as heat rejection systems. A later paper by W. Neuenschwander discusses thermal

control aspects.

SPACE SHUTTLE THERMAL PROTECTION SYSTEMS TECHNOLOGY
ELEMENTS OF PROPOSED NASA FY 71 R&D PROGRAM (CONT’D}

NON-METALLIC TPS DEVELOPMENT

ﬁl‘ERMm'lg' P:SOFERTIES AND DESIGN DATA OF EXTERNAL INSULATION AND CARBON/ CARBON
Al

DEVELOP PROTOTYPE EXTERNAL INSULATION TPS PANELS

DEVELOP LEADING EDGE SECTIONS OF OXIDATION-INHIBITED CARDON/CARBON MATERIALS

LOW-COST ABIATIVE TPS DEVELOPMENT

DEVELOP REFURBISHABLE ABLATIVE TPS FOR STAGNATION AREAS
DEVELOP LOW-COST ABLATIVE TPS FABRICATION TECHNIQUES
IDENTIFY CRITICAL DEFECTS IN ABATIVE TPS

DEVELOP AND VALIDATE ABLATION ANALYSIS FOR SHUTTLE ENTRY
IDENTIFY REFURBISHMENT COSTS AND PROCEDURES

TEMPERATURE CONTROL SYSTEMS DEVELOPMENT
< |DENTIFY CRITICAL THERMAL CONTROL SYSTEMS PROB

*DETERMINE OPTIMUM THERMAL CONTROL CONCEPTS' .
*DEVELOP THERMAL CONTROL COMPONENTS . L

* FY 71 STARY ‘ . rewe 3
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Cocling Systems Development includes activities related to surface cooling concepts for stagnation

areas. The objective is to reduce surface temperatures to the level where superalloys could be used.
Structural cooling systems (active cooling systems, ground cooling aft;r entry, and the neat sink
afforded by phase-change materials) will be evaluated and developed as required.

Our experience to date with testing shuttle materials in 2100 cycles of simulated shuttle entry
environments indicates that more testing capability than that presently existing in NASA may be required.

Accordingly, Contract Testing of TPS Materials will be utilized to supplement NASA capabilities when

needed.

Modification of NASA Test Facilities is also related to testing TPS materials and concepts. The

arc facilities at the Manned Spacecraft Center, Ames Research Center, and Langley Research Center
require modifications to provide better shuttle entry simulation. The types of modifications proposed
are indicated here and are presently under study. The last paper {by R. Howell) in this group concerns

test facilities for TPS testing.

SPACE SHUYTLE THERMAL PROTECTION SYSTEMS TECHNOLOGY
ELEMENTS OF PROPOSED NASA FY 7t R&D PROGRAM (CONT' D)

COOLING SYSTEMS DEVELOPMENT

*DEVELOP STAGNATION AREA SURFACE COOLING CONCEPTS
SEVALUATE ANO OEVELOP STRUCTURAL COOLING SYSTEMS

CONTRACT TESTING OF TPS_MATERIALS

*MASTER COMIRACT (S} FOR TESTING IN SIMIMATED SHUTTIE ENTRY
ENVIRONMEMTS .

MODIFICATION OF NASA TEST FACILITIES

PROVIDE LONGER-RUN TIMES
PROVIDE LARGER MASS FLOWS
DEVELOP CHANMEL FLOWS DEVICES

* FY 76 START

il

S

\

R




e o A AT
T T

At

T
BEse ety <R sdan

Ry
et
AR CH

ey
AR

85

i
EN fi

Figure 5 displays a theme that is contained in several of the papers which follow. Specifically,

the extent to which variouc materials can be used on the shuttle orbiter. The types of materials being

considered for thermal protection are listed with an approximate maximum use temperature for each material.

For many materials, the maximum use temperature has yet to be established. For example, can titanium
be used to 1000°F and the superalloys to 2000°F% It should be noted that efforts have been initiated
to develop the ceramic and carbon/carbon materials for future use at temperatures as high as 3000°F.

Cn the right of the figure, the percentages of the orbiter ares below the corresponding meximum
temperatures are given. These percentages are influenced by the vehi.le configuration, the entry mode,
assumptions concerning transition, and other factors. Clearly, well—developed materials such as titanium
and superalloys can be used over large areas of the orbiter. Depending on the particular orbiter, those
materials requiring further development must be used on 10 to 35 percent of the surface arem.

Subsequent papers will provide detail on the required developments.

APPLICATION OF TPS MATERIALS

| R
MATERIAL * s

TITANIUM 200 25-50
SUPERALLOYS 1200 65-90
TO-MCr : 2200 15-95
COATED COLUMBIUM 2400 v0-98
COMPACTED CERAMIC FIBERS | 2400 (fut. 3000) 90-98
COATED TANTALUM . © 2800

CARBON/ CARBON COMPOSITES 2600 (fut.>3000) - 95-100
ABLATORS, DIBORIDES >3000

sigure 5

CONCLUDING REMARKS

The present Thermal Protection Systems Technology Program includes development activities related
to most of the principal options being considered for use on the space shuttle. Furthermore, the
philosophy used in defining the program is to retain sufficient flexibility to include promiging
new ideas.

Ag presently constituted the program is largely a contractual program.. 'me latter part of FY 70
was devoted to defining and initiating contract studies. Initiel results from these studies will be
availsble in a period beginning about six months from now. ‘
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SUPERALLOY HEAT SHIELD TECHNOLOGY
FOR THE SPACE SHUTTLE

W. A, Wolter and R, T. Ratay
Grumman Aerospace Corporation
Bethpage, New York

» Introduction

Aerodynamic heating effects during reentry subject the external surfaces of the
Space Shuttle to a range of temperature levels varying from 500 to 3000°F .,

Superalloys are a family of iron, nickel, and cobalt-based alloys having good
strength in long-term exposure to temperatures in the 800 to 2000°F range. They -
possess good oxidation and corrosion resistance in this temperature range, usually
without protective coating. Their development and use have been mostly in the area
of jet engine hardware, Their chemical stability, useful strength in this high-
temperature environment, and relatively broad background of design and fabrication
information make the superalloy class of materials attractive candidates for a re-
usable thermal protection systems (TPS) for a shuttle~type vehicle,

Of all the reuseable materials suitable for the shuttle TPS the superalloy sys-
tems appear nearest to being state-of-the-art, However, there are some techno-
logical problems which remain to be solved before the superalloy TPS can be con~
sidered truly operational, These involve design problems concerning panel~to-panel
expansion, sealing and attachment, and the containment of the insulation materials
which must be used with these panels. Also, the true upper temperature limits of
the superalloys must be established based on a more precise definition of the elevated-
temperature exposure cycles and the effect on the pertinent properties of the alloys.

This paper discusses the applicability of the available superalloys, required
design features, insulations systems, and problem areas which still remain, The re-
sults of a test program in progress at Grumman, which is directed toward investi-
gating solutions to these problems, will also be presented.
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Typical Superalloy Design Data

Fig. 1 lists four of the most attractive superalloys for use in the 800 to 2000°F
range. They are the nickel-based alloys Inconel 718 and Rene '41 and the cobalt-based
alloys Haynes~25 and 188, The two cobalt-based alloys are closely related, with the
188 being a recent improvement on the 25 alloy in oxidation resistance in the 2000°F
range. The maximum-use temperature for these alloys is based on oxidation resis~
tance, metallurgical stability, and strength characteristics. Thiee of the more sig-
nificant strength characteristics affecting weight are tensile yield strength, creep
rupture strength and stress oxidation effects. In the lowest temperature range,

800 to 1200°F, Inconel 718 has a superior strength-to-weight ratio and excellent oxi~
dation resistance. Above 1200°F, the supericr tensile yield strength and creep rup-
ture characteristics of Rene '41 make this alloy appear advantageous. The maximum-~
use temperature of 1500°F was arrived at to avoid overaging and subsequent loss of
strength and room-temperature ductility. Haynes 25 and 188 are utilized above 15000F
and are limited to 1800°F. This limit is a tentative one established on the basis of

the poor creep strength and the anticipated accelerated effects of stress oxidation

on thin-gage sheet, The stress~oxidation performance was extrapolated from data
available for Hastelloy 235.

Additional data are required in the area of creep behavior and stress oxidation,
and the effects of multiple cycle exposures before the exact upper temperature limit
of these materials can be determined. However, it is quite probable that use above
2000°F for a 100-mission capability is not possible.

— INCONEL (800- (200°E) * TENSILE VIELD STRENGTH

== RENE 41((200-1500°F)
-~ HAYNES 25 #1686 160
(#500-(900°F) "
K9/ A
".‘ll_‘lll"“':\ggw
.mmsmeasawwmsr) o
25 '/-' 170F OﬁHEGEEEPE(/PIWESTZW@TN

o 6o
PEN,
MLS Ks!

9% 5 0 /5 2 z
APPL STRESS, KS/ TEMP,

Figure 1
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Shuttle Environment

The thermal and stiruetural loading environments which must be considered in
the TPS design analysis are indicated in Fig. 2. During boost these are maximum
aerodynamic pressures, acoustic sound pressure levels, and mechanical vibrations,
The maximum aerodynamic pressures occur at fhe max gea conditions when the
vehicle speed is slightly in excess of Mach 1, Here, under the critical wind shear,
dynamic pressures on the order of 500 to 700 psf are encountered, The surface TPS
panels must also be flutter-free under the combined dynamic pressure and Mach
number conditions,

The acoustic environment is most severe during '"hold-down'" while the booster
engine thrust is built up. Maximum values of 170 dB near the engines have been pre-
dicted, with diminishing values as the distance from the engines increases. Mechani-
cal vibrations occur during boost due to dynamic response of the structure to inputs
from the propulsion system.

During reentry the maximum temperature conditions occur on the orbiter and,
for the most part, the booster. The orbiter experiences the most severe heating
with the longest duration, Temperature levels for the critical lower surfaces of the
orbiter are higher and of considerably longer duration for the high erossrange maneu-~
ver than for the low crossrange, As can be seen the majority of the TPS area for
the low crossrange vehicle is below the 1800°F level where superailoys find their
most efficient application, Essentially, only the leading edges and nose cap areas
for the low crossrange vehicle require material beyond the superalloy range.

The aerodynamic pressures during reentry are considerably lower than the
maximum value during boost because of low wing loadings and load factors. Lower-~
surface normal pressures are expected to be on the order of 40 to 60 psf during the
maximum temperature portion of the entry maneuver, Because of the reduced
strength of the materials at elevated temperatures this condition can be critical for
creep deformation of the panel, when evaluated,

The dynamic inputs due fo boundary layer noise are considerably below the
noise levels during boost. However, the effect on the TPS panel and its insulation
package in the heated condition must be assessed,
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Typical Metallic TPS Design

A typical metallic TPS design using superalloys is shown in Fig. 8. The bhasic
concept is an external insulative system consisting of a surface panel, insulation
package, and attachments which protect the primary load-carrying structure from the
high surface temperatures. This permits the use of lower-temperature materials
which are more efficient for the primary structure. The external surface panel must
maintain an acceptable surface contour and smoothness while subjected to aerodynamic
pressure loads and thermal gradients. To support these pressure loads, the panel
must be sufficiently stiffened to prevent excessive deflections., From the standpoint
of aerodynamic considerations, typical allowable panel deflection in an 18-in. span
are 1/2 in, for a low L/D vehicle and 1/4 in, for a high L/D vehicle. The required

stiffening can be accomplished by utilizing honeycomb sandwich, corrugation stiffeners,

beaded skins, or sheet stringer.

The surface panel must be desighed to resist the acoustic environment and be
flutter-free, In addition, the surface panel must be able to withstand the ground
handling conditions which an operational flight vehicle capable of 100 reuses must be
expected to sustain,

The surface must also have a high emissivity to radiate the maximum amount
of incoming connective heating back out to space, Emissivities of 0.8 or greater are
required for efficient performance, This high emissivity can be obtained on the
nickel and cohalt-based alloys by controlled oxidation.

The panel size is critical since it determines the amount of expansion which
must be accomodated at the edges and the number of supports. The panel is attached
to the primarry structure via supports which must be capable of transfering the aero-
pressure loads and the panel inertia loads while also minimizing the heat flow from
the hot panel to the cool primary structure, In addition these supports must accomo-
date the differential thermal expansion between the hot surface panel and the cool
substructure. The panel support can be a number of individual posts or continuous
supports along two or four edges, or combinations of these, The support design
should also be such that the panel can be easily removed for inspection and replace-
ment,

Since the surface panel operates at a much higher temperature than the primary
structure to which it is attached, the surface panel is segmented with gaps between
adjacent panels to permit growth, These gaps must be sealed to prevent leakage of
the high-temperature boundary layer gases under the panel which would nullify the
effectiveness of the TPS. The panel seal must allow free expansion of the panels and
maintain its sealing ability despite panel distortio.:s,

The insulation package provides the main barrier to heat flow betwee. the hot

surface panel and the substructure. The insulation material must wit' * the
thermal and vibration environments characteristic of the TPS, The ¢ificient in-
sulating materials in the 800 to 2000°F range are the low-density fle: .. mats made
of silica fibers, These materials are very susceptible to compaction ..... -ater ab~

sorption, They, therefore, require packaging which protects them against moisture
and also supports the insulation so that it fills the entire cavity to prevent radiation
"windows," The package will also be subjected to pressure levels ranging from one
atmosphere to the vacuum of space. The venting and sealing of this package, there-
fore, presents a significant problem. A partial solution may be to use a rigidized
insulation with non-interconnected porosity,
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Weights of Typical Metallic TPS

The accompanying figure shows the variation of weight of a metallic TPS for
high and low crossrange orbiter reeniry maneuvers and for a typical booster reentry.
The temperature scale indicates the peak temperature that occurs during the heating
pulse. The elements included in the weights are surface panel, panel supports, joint
seals, and insulation package. The insulation is sized by assuming that an aluminum
substructure weighing 2.0 psf is allowed to experience a 250°F rige during the entry
mauneuver,

The metallic surface panel was considered to be a corrugation-stiffened Haynes
188 beaded face sheet with 4 3,5 1b/ft3 Microquartz insulation blanket contained in a
nickel-foil package, up to 18000F, Above 1800°F the metalliz surface panel was
assumed to be made of a coated columbium alloy and the insulation was a composite
of Zirconia felt and Microquartz, This is the roason for the sudden increase in unit
weight above 1800°F,

The general variation of weight with temperature is due to the increased insula-
tion thickness required at the higher temperatures., The effect of the length of heating
on insulation thickness is evidenced by the difference in weights for the booster, which
has the shortest heat pulse, and the high crossrange orbiter, which has the longest
heat pulse,

/ N T T 1
&0 %00 2400
MAX TEMP °F
Figure k
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Design & Test Conditions for Development Program

Two TPS units were designed for (and tested under) the critical temperature,
load, and acoustic conditions that realistically could be expected during 100 repeated
missions of a iow crossrange space shuttle vehicle,* The design conditions were
established during the course of preliminary studies conducted at Grumman, For
current an: future work, these conditions have been reevaluated and more severe
ajrloads are being used. Conditions were grouped so as to be consistent for particu~
lar locations on the vehicle surface. They are summarized in Fig, 5.

v
]
4

Critical heating oceurs during reentry, An analytically derived 20-minute
temperature-~time profile with an 1800°F peak was chosen for design because 18000F
is a reasonable maximum temperature at which Haynes-25 and Haynes-188 super-
alloys could be expected to endure 100 missions. A profile with a 2100°F peak was
selected to simulate an overheat condition that the superalloy TPS would have to with-
gtand safely in one mission only, The temperature of the protected substrurture
should not rise above 500°F at any time during the 1800°F mission. The high heating
rate is accompanied by varying air pressure normal to the surface. Considering
combinations of temperature, pressure, and temperature-dependent material proper-
ties, a load of 40 psf, constant through the temperature profile, was chosen as a
oritic1l reentry design condition; it was later increased to 60 psf,

The critical room~temperature pressures for static strength occur during the
launch trajectory at the maximum-~q condition, The surface temperature is only
negligibly above room temperature. For the initial two specimens a maximum posi-
tive pressure of 150 psf normal to the TPS surface was used. In curreat work the
much more severe 450-psf positive and 200-psf negative pressures ave the design
¢nnditions,
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Critical mechanical vibrations occur during liftoff. For design of the TPS pan~
els a maximum room-temperature acceleration of 100g was selected.

The critical acoustic vibration environment for the TPS occurs during the hold-
down phase of rocket launch, The design conditions were the maximum predicted
octave band levels up to 152 dB at 10, 000 Hz,

In the design and analysis of the test panels the material properties of Haynes-
25 were obtained from specification MIL-HDBK-5A,

At high temperatures the material allowables were reduced to stresses that
create 0.4% creep strain at 25 hours of heat and load exposure,

Maximum permissible surface deflection of 0.5 in, per 18-in, span was calcu~
lated analytically on the basis of aerodynamic heating and drag penalties,

Minimum required element and panel stiifnesses were calculated analytically
to prevent flutter,

- - e o ot w8

* "Development of a Reusable Metallic Thermal Protection System ior Lifting Reentry
Vehicles," by R,T. Ratay and W,E, Fisher, Grumman Aerospace Corp.,
ADR 02-04-70,1, April, 1970,
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TPS Test Panel Configuration

Several TPS configurations with metallic/radiative heat shields were considered,
including corrugation-~stiffened skin, double-faced corrugated panel, integrally stif-
fened plate, and honeycomb sandwich panel. The corrugation-stiffened beaded-skin
heat shield with supporis that ailowed thermal deformations and flexible insulation
were selected for the detailed study because it appeared to have more of the features
necessary to satisfy the design requirements, (See Fig, 6.) Two full-scale TPS
units were designed, fabricated, and tested, The first panel was intended primarily
as a pilot specimen, the second was prepared for a more elaborate study,

The heat shield panels were made of 0,008-in. thick L-605 (Haynes-25) super-
alloy sheets, fabrizo'ed into 18-in. square corrugation-stiffened panels, The face
sheet had 0,025~in, high by 0,6~in, chord circular cross-section beads, at 1-in,
pitch, running the whole length of the panel. The face sheet was welded (resistance
spot welded in panel No, 1 and resistance seam welded in panel No, 2) to a panel
of 1/2~in. depth by 1-in, pitch corrugations. The longitudinal beads and corrugations
provided the strength and stiffness needed to span the end supports. In the lateral
direction the beads and corrugations provided the flexibility needed to minimize
lateral thermal stresses by allowing local deformation of the cross-seection,

The heat shield supports, running across the beads and corrugations under the
ends of the shield, were fabricated by forming and welding (as for the panels above)
0.008~in. thick L-605 superalloy sheets. They were beaded and segmented to pro-~
vide discontinuities for relieving thermul stresses. They were welded to the heat
shield and bolted to the substructure on load~bearing insulation, The supports were
designed to have sufficient strength to carry the air loads, and be sufficiently flexible
to accommodate the longitudinal thermal expansion and bowing of the heat shield.

Insulation, consisting of 1-1/2~in, thick blanket of fiberous silica quartz feit
(Microquartz), made up of 3/16-in, thick layers, was placed between the heat shield
and the substructure. In panel No, 2, the insulation was "bagged' in 1/2-mil thick
nickel foil whose edges were resistance seam welded,

The TPS unit was attached to a titanium substructure, consisting of a 0,1~in,
plate with stiffeners, that was to simulate a vehicle primary wing structure,

Temperature distribution, thermal deformation, stress, and deflection analyses
were performed as part of the heat shield design. The calculated weight of the TPS
panels was 1,57 psf, of which the heat shield and supports were 1,17 psf and the in-
sulation was 0,40 psf.

Testing

The test setup consisted of an aluminum support fixture, quartz heating array,
loading weights on wire hangers, movable loading platform, deflection-measuring
probes, and thermocouples, For the room-temperature acoustic testing, the TPS
unit was suspended in front of an exponential horn, A new test fixture is being built
to accommodate more than one unit,

The specimens were subjected to repeated exposures to heating, loading, and
acoustic vibrations, Panel No. 1 was subjected to 10 normal thermal cycles and
5100 seconds of acoustic disturbance; panel No. 2 was subjected to 14 combined
thermal/load cycles, including two overheat cycles, 5100 seconds of acoustic distur-
bance, and to 150 psf loading at room-temperature, Continuous temperature and de-
flection measurements and many photographs were taken,
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Test Results

The test results confirmed analytical predictions, Tyvpical temperature and de-

flection measurements are shown in Fig, 7; a photograph of the tested panel is shown
in Fig, 8,

During the 1800°F heating cycles the maximwn temperature gradient between
the face sheet and the bottom of the corrugation was 275°F for panel No, 1 and 350°F
for panel No, 2; it occurred at 1-1/2 minutes of heating, The maximum mean temp-
erature of approximately 179¢°T occurred at peak heating; at this time the gradient
across the heat shield was o sty ~hout 20°F, After about 2-1/2 minutes past the peak
heating the gradient reversel: tho iace sheet became, and remained, cooler than the
corrugations. The measured temperatures on the bottom of the titanium substructure
plate under the heat shield supports ranged up to 650°F, while under the middle of
the panel the .naximum temperature rose to 440°F, The latter temperatures were
slightly higher in each consecutive test, implying a degradation of insulating effective-
ness from mission to mission, Under the 2100°F heating profile the titanium sub-
structure plate reached approximately 560°F near the middle of the panel, and approxi-
mately 1000°F under the heat shield supports,

The maximum upward bowing of the heat shield in each run occurred at approxi-
mately 1-1/2 minutes of heating, coincident with the time of highest temperature
gradient across the corrugations, The maximum thermal bowing with no load was
0.165 in,; with a 40-psf load it was 0.125 in. After the time of maximum bowing,
the 40-psf load induced significant downward deflections of the heat shield., The maxi-
mum in-plane longitudinal thermal expansion of 0,15 in, at the two ends of the heat
shield occurred ut approximately 11-1/2 minutes, which was the time of peak heating,

Permanent deflections of approximately 0.015 in, were accumulated in each
temperature/load cycle. The flexural stresses in the heat shield were well below the
elastic limit of Haynes-25, even at 1800°F; therefore, the permanent set was attri-
buted to high-temperature creep rather than to plastic flow,

Following 14 temperature/load cycles, the heat shield was Ioaded to 150 psf at
room temperature. It deflected 0.10 in., a very much greater deflection than the
calculated 0,037 in, This descrepancy implies that a great deal of the heat shield
stiffness was lost during the severe environments of the previous tests,

The overall width of the heat shield increased by approximately 0.2 in, during
heating, The heat shield supports were expected to restrain, and the face sheet beads

were expected to absorb, this thermal expansion, The lateral expansion returned to
zero as the heat shield cooled off,

Clearly identifiable permanent deformations of the beads occurred in both heat
shields during the first 1800°F heat cycles. These deformations did not progress
noticeably with subsequent 1800°F tests, The "bulging" of the beads was more pro-
nounced at locations where the end supports are segmented (at every other bead).
The deformations were not uniform; some of the beads bulged more than others.
Analytical work indicated that thernmial bending stresses and strains at tihe crown of a
bead would go far into the plastic range of the material during the first and subsequent
cycles, (Less plastic deformation would occur with beads deeper than 0,025 in,)
Repeated, reversed deformations of the beads at such high strains may present a
potential fatigue problem, The deformations of the beads grew more severe during
the 2100°F temperature profiles.
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The end supports of the heat shields of both test panels survived the test pro-
grams with no apparent damage,

Both panels survived the 100-mission equivalent of 5100 seconds of exposure to
the acoustic test levels without apparent failures. Resonant frequencies and transfer
Iunctions were obtained from the tests.

Visual examination of the heat shields showed no evidence of weld failures or
material degradation, After exposure to two cycles of the 2100°F over-temperature
- profile in still air, the nickel foil insulation bag was severely oxidized,

The following conclusions and recommendations were based on evaluation of the
quantitive and qualitative test data, and on analytical results:

e The described thermal protection system is a thermally effective and safely
reusable configuration; however, further improvements are needed to perfect
the system,

o The limitations of test panel No, 2 were not reached at the end of the 12
simulated, normal, reentry cycles (1800°F temperature profile and 40-psf
pressure) and 100 simulated launch acoustic environments; apparently, the
TPS could successfully perform many additional missions, However, it is ..
not possible to project reliably the safe life of this TPS based solely on this 2
program; cyclic thermal stress analyses and additional tests are needed for
such a projection,

o The test panel endured the two 2100°F over-heat cycles, but the nickel foil
insulation bag completely oxidized and the heat shield deformed to such ex-
tent that it would require refurbishment.

o The heat shield sustained permanent spanwise bending deflections after each
simulated reentry heating and loading cycle, These deflections were attri-
buted to high~temperature creep. The accumulated magnitude of these de~
flections was considered neither aerodynamically nor thermodynamically
critical after 12 cycles.
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o The beads of the heat shield also sustained permanent deformations, which
were not the same in every bead. The beads should be deeper (more flexible)
to lessen permanent sets. The end restraints should be improved to produce
uniform deformations in every bead without overall lateral expansion of the
heat shield.

o The heat shield supports performed satisfactorily in carrying the loads and T
accommodating longitudinal thermal expansion of the heat shield, However, A
their attachments to the beaded face sheet must be redesigned to allow each g
bead to deform freely and to restrain overall growth of panel width, 1!

¢ Under the 1800°F temperature profile, the insulation maintained the titanium L
substructure below 440°F, except at local areas under the supports where 4
the substructure temperature rose to 650°F, More effective insulation may be J
desirable between the supports and the substructure, L

e Closures to provide continuity of the surface between adjoining heat shields .
were not tested. of
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Conclusion, Current & Future Effort

For temperatures up to 1800°F, the metallic heat shield panel utilizing nickel
and cobalt-based superalloys holds promise for a practical, reliable, and reasonably
efficient reuseable TPS for the shuttle system, It appears particularly applicable to
the low crossrange orbiter and the hooster,

A number of problem areas remain which require further investigation; they are:

o Determination of creep and stress oxidation characteristies of the cobalt-
based alloys in the 1500 to 2000°F temperature range

@ Resolution of design features for optimum interpanel joints and support
methods

o Investigation of panel response to high-energy acoustic environments

Flutter characteristics of metallic panels when subicceted to launch and re-
entry conditions

« Insulation package design which prevents excessive moisture absorption and
provides adequate support to prevent insulation damage due to vit:+! o and
acoustic effects

e Flowing-gas tests of representative TPS panels to demonstrate overall per~
formance during repeated cycling

A major advanced development program is underway at Grumman for perfecting
superalloy and refractory-metal TPS components and assemblies, This includes de-
sign, thermal and stress analyses, component fabrication and assembly techniques,
and testing.

Current emphasis is placed on the design of heat shield supports and closures
at the ends of adjoining panels., These two components are considered the eritical
ones in restricting the lengths of panels. The attachment of the insulation and methods ,
of preventing moisture absorption by the insulation are also being investigated, ;

A test fixture for heating and loading more than one adjoining TPS unit is being "
bujlt, Specimens are planned to be tested under more of the mission-environment |
conditions,
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DISPERSION-STRENGTHENED ALLOYS
FOR SPACE SHUTTLE HEAT SHIELDS

Neal T. Saunders

NASA-Lewis Researzh “anter
BN Cleveland, Ohic

INTRODUCTION

Dispersion-strengthened nickel-base alloys are currently considered
as one of the prime candidates for use in the hotter regions of the heat
shields for the Space Shuttle. These alloys are attractive primarily
because of their good high temperature strength. As shown in figure 1,
the stress-rupture strengths of conventional superalloys (such as the
nickel alloy Rene 41 and cobalt alloy HS-25) decrease quite rapidly with
increasing temperature. So these alloys appear to be limited to heat
shield regions which will see maximum temperatures of about 1800 F. Above
this temperature, the stronger refractory metal alloys could be used (for
example, the columbium alloy Cb-752 or the tantalum alloy T-222). But
these alloys rapidly oxidize in air and thus require protective coatings
to resist oxidation under re-entry conditions. Because the relisbility
of these coatings is questionable for repeated use, it is desirable to
minimize the use of coated refractory metals to only those areas wheve
they are absolutely necessary.

Another class of materials that could fill a gap between superalloys
and coated refractory metals are dispersion-strengthened alloys, such
as TD-NiCr. These alloys have adequate strength and oxidation resistance
to be considered for use in an uncoated condition over a temperature
range of about 1800° to 2100°, or possibly 2200°F. This temperature
range is important because it could be associated with up to 30 percent
of the heat shield ares, depending upon the vehicle configuration and
flight path. By using dispersion-strengthened alloys in this temperature
range, the need for coated refractory metals, or non~metallics, could be
reduced to perhaps less than five percent of the heat shield area.

CANDIDATE ALLOYS

Several dispersion-strengthened alloys have been developed during
the past decade. Prime impetus for this work has come from DOD and NASA~
sponsored progreams to develop alloys for use in the hottest components
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of advanced turbojet engines. Relatively 1little work has been done to
oy evaluate the alloys for use in heat shields.

Most of the dispersion-strengthened alloys developed to date are
listed in figure 2 along with potential suppliers. This lisking includes
mostly nickel-base alloys, but a limited amount of work has also been
done on some higher strength cobalt alloys and on a more oxidation-
resistant iron alloy.

In all of these alloys, their unique high temperature strength is
e assheiated with the dispersion of very small particles of a metal oxide

- in a metal matrix. The amount of the oxide dispersoids used is relatively
small--usually in the range of one to four percent {by volume). Thorium
dioxide (ThO,) has been used in most of the alloys because of its good
chemical stagility in this temperature range. However, A120 and Y20 are
being used in some of the newer alloys to alleviate the handéing prob%ems

associated with the toxic ‘I‘hO2 powders.
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Several different organizations have been active in developing
these alloys, and each of these organizations uses a different (and
usually proprietary) process to produce the alloys. Most of the alloys
are produced from powders, but the methods of making, blending, and
compacting the powders, pius the sheet rolling processes vary greatly
from one producer to another. Thus, dispersion-strengthened alloys of
the same nominal composition can have appreciably different properties
if made by different producers.

Only two of the dispersion-strengthened alloys have reached a status
of large production quantities. These are the relatively simple Ni-2ThO
and Ni-20Cr-2ThO, alloys. They are the only ones that we have considereg
for wide-use witgin the next few years. The Ni-2ThO, alloy is further
developed, but this alloy lacks adequate oxidation resistance for re-
entry use. So the best current choice appears to be the Ni-20Cr-2ThO
alloy because this alloy has the best combination of strength, oxidation
resistance, and availability of all the dispersion-strengthened alloys.
However, we will continue to evaluate some of the newer alloys to
determine if they warrant further development for later versions of the
Space Shuttle. For example, the recently-announced development of Inter-
national Nickel in dispersion-strengthening relatively complex superalloys
offers promise of achieving both the high temperature sirength of dis-
persion strengthening plus the better intermediate temperature strengthening
of precipitation-hardened superalloys. Another process being developed
in-house at the Lewis Research Center also offers promise for achieving
these combined strengths in dispersion-strengthened superalloys. However,
these processes are in the very early stages of development and will require
several more years of development to come to fruition.
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At the present, our prime emphasis for Shuttle heat shields is on the
Ni-20Cr-2ThO, alloy. And most of this effort is on the alloy commercially-
termed "TD-NICr." This alloy was originally developed by E. I, DuPont
deNemours, Inc.; but the rights and facilities to produce it were sub-
sequently sold to Fansteel, Ine. who currently 1s the only commercial

producer of this alloy.

TECHNOLOGY PROGRAM

Although TD-NiCr offers considerable promise for use in heat shields,
it needs more development before this promise can be fulfilled. Questions
have been raised about such things as adequate availability of sheet,
inconsistent properties, adequate oxidation resistance, etec, Therefore,
we have started an extensive technology program to seek answers to these
questions and further the development of this type of alloy.

Tnis work can be generally grouped under the following three areas:

1. Improvement of the sheet manufacturing process

2. Development of fabrication processes for meking heat shield panels

5. Evaluation of design-allowable properties.

In addition, we are pursuing & "back-up" development program which involves
the following studies:

Optimization of the alloy composition to improve properties

1.
which may be marginal for heat shield use

Development of an alternate sheet fabrication process to assure
material avallability.

2.

These technology programs are being pursued through a combination
of in-house studies at several NASA Centers and contracted studies with
various industrial orgenizations. These studies are summarized in the
following sections in terms of the current status of developmert and
our plans for advancing the state~of-technology in each area.
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TD-NiCr DEVELOPMENT PROGRAMS

Sheet Manufacturing Process

One of the concerns that has been frequently expressed about the
use of TD-NiCr is the wide variations in properties that have been reported
by various organizations. This property variation can be largely attributed
to the fact that the material has been in a state of "advanced development'
in which the processing methods have been frequently changed. One of
the unique features of dispersion-strengthened alloys is that their
properties are highly dependent upon the processing methods used (much more
so than for most other metals). For example, figure 3 illustrates the
effect of various rolling and annealing methods on the 2000 F tensile
strength of TD~NiCr sheet. These DuPont results indicate that the
strength can be varied by a factor of three or more by ¢’ i~~ing rolling
procedures. Also, the corresponding ductility can be varied y a factor
of ten or more (for example, the tensile elongation of the surongest
sheet shown in figure % was about two percent while that of the weakest
sheet was about 20 percent). Since this material has been primarily
developed for jet engine applications, warm pack rolling has been used
most extensively to achieve maximum strength. This strength advantage is
gained primarily at the expense of lower ductility., On-the~other-hand,
heat shield applications may require sheet with greater ductility, but
some trade-off in strength may be tolerable. Thus, the sheet manufactur-
ing process needs to be optimized to tailor the resultant properties for
heat shield use.

To achieve this purpose, we recently awarded a contract to Fansteel
to further develcp TD-NiCr sheet processing methods. This one-year program
will involve study of the povder consolidation process, the rolling
schedules and associated heat treatments, aad the effects of minor cone
taminants. Particular emphasis will be directed toward improvement of
coid rolling techniques. Cold rolling is more desirsble than warm rolling
to achieve tetter dimensional control. Good control is particularly needed
in sheet thickness where minor variations could appreciably affect the
heat shield weight. As an overall result of this process improvement
study, we expect to achieve sheet produced to tighter specifications
with more reproducible properties than that currently available.

Another objective of this sheet processing program involves process
scale~-up to achieve larger sheet sizes and greater production capacity.
Current size capebilities for TD-NiCr sheet are about 18 x 36 inches in
thicknesses of 0.020 inches or more. However, some heat shield designs
require larger panel sizes and thinner gauges. So the processing methods
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will be scaled-up to produce sheet sizes up to 24 x 60 inches in thicknesses
as thin as 0.010 inches. Also, foil rolling procedures will be developed
to produce six-inch wide foil in thicknesses of 0.005 to 0.0l0 inches.

This foil could be used to produce honeycomb~type panels for heat shields.

In addition to the scale-up iu sheet sizes, Fansteel is increasing
its powder production capabilities to meet notentiu.l Space Shuttle reguire-
ments. Low powder productisn rates have limited sheet production capacity
to about 10,000 pounds per year. But the additional powder-making
facilities will result in sheet production capacity of at least 25,000
pounds per year, which shoul? be adequate for Space Shnttle use.

Sheet resulting from th.. process development program will be supplied
to other NASA Centers and contractors for use in Space Shuttle-related
programs. This should afford more direct comparison of test results on
sheet of reproducible and "pedigreed" quality. This direct comparison
is imperative for a material with properties that are so highly dependent
on the shezet processing methods used.

Panel Fabrication Processes

Several airframe manufacturers have conducted initial panel fabri-
cation studies to investigate forming and joining processes applicable
to meking various heat shield configurations from TD-NiCr sheet. Exemples
of the results of these studies are shown in figure 4, The 18 x 18-inch
panel on the left side of figure 4 was produced by General Dynamics-Convair,
and the 12 x 18-inch panel on the right side was produced by MeDonnell-
Douglas. These test panels were produced from cold-formed TD-NiCr sheet.
Joining processes used for panel assembly included spot-welding, brazing,
and riveting. These panels illustrate that forming and joining of Tw~NiCr
are certainly feasible processes. However, these panels were fabricated
through basically trial-and-error techniques. The fabrication procedures
have not been optimized nor are they necessarily applicable to other panel
configurations. Thus, there is a need for further development of the
panel fabrication processes.

Forming of TD-NiCr sheet into various configurations is not too
difficult because this material has moderate ductility at low temperatures
(e.g., 10 to 15 percent tensile elongation at room temperatures). This
ductility level is similar to that found in many superalloys currently
in airecraft use. On this basis, most of the cold-forming operations used
for superallcy sheet structures should be applicable Vo TD-NiCr. However,
the forming criteria and limitations have not been fully established for
this material. For example, the minimum sllowable forming radius and
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the maximum allowable strain need to be determiy :d. The effects of forming
strains are particularly important since over-straining could appreciably
change the microstructure and the resultant properties. Also, changes in
the sheet processing methods can affect the subsequent formability. So

it is imperative that forming operations be closely coupled with the sheet
processing methods being developed to better define the inter-relations

of these processes. Forming studies such as those described will be
evaluated in a contracted program that we plan to initiate later this

year.

Joining of TD-NiCr sheet presents more difficult problems than form-
ing. Conventional fusion welding processes are unacceptable for this use
because the ThO, particles vaporize in the molten weld zone. !lso, the
controlled microstructure is altered by fusion welding. This results in
very veak welds. For this reason, most joints made to date have utilized
either mechanical fasteners or brazes. These joining methods have worked
reasonably well, but the joints are relatively weak. For example; brazed
joints exhibit only about 50 percent of the tensile strength of TD-NiCr at
elevated temperatures. This low strength requires that corsiderable over-
lapping material be used in the joint region to achieve the full load-
carrying capability of the alloy. Thus, better joining methods are derired
to improve the strength of joints and reduce weight of the panels.

The most promising methods for this purpose appear to be the newer
solid state welding methods. These processes involve contact of the mating
surfaces under high pressures and temperatures to produce solid state diffu-
sion across the interface. Welding temperatures used are in the range of 1800
to 2hOO°F vhich is belov the melting point of the alloys. An example of the
type of joint that results is shown in figure 5. is Jjoint was produced
in an in-house Lewis program using a high temperature, gas-pressurized
avtoclave. The welding process is termed "hot isostatic pressure welding."
As shown in the microstructure, the interface of the mating surfaces has
been completel; eliminaved by diffusion, and the jeint i1cgion is indis- o
tinguishable from the base material. Tests of this type of joint at 2000°F
have .ndic.ted that the tensile strength of this joint is as good as those
of the Ttase material.

(e}

Thus, sorid state welding processes ofrer considerable promise for
joining TD-NiCr sheet. But the particular process used to produce the simple
butt-joint shown in figure 5 would be difficult to apply to more complex
joint regions expected in heat shields. So further work is needed to develop
other solid state welding processes that will be applicable to more complex
panel configurations. This we plan to pursue through another contracted
program laver ©his year. _




',f ) Design Allowable Properties

After the sheet fabrication process for TD-NiCr has been optimized and
a stanéard product results, a contracted program will be started to determine
the design-allowable properties of this sheet. Property measurements to be
included in this study are tensile strength, creep strength, modulus of
elasticity, thermal fatigue resistance, emissivity, thermal expansivity,
and oxidation resistance. Most of these properties will be measured as a
function of sheet orientation since TD-NiCr can have anistropic properties
as a result of the rolling techniques used.

Also, the effects of simulated re-entry conditions on the properties
will have to be determined. These conditions could have appreciable effects
on the allowable strengths of materials. TFor example, USAF-sponsored studies
at McDonnell-Douglas and at Solar Aircraft have indicated that exposure to
high temperatures and low pressures can result in a decrease in room tempera-
ture tensile strength of about 20 percent. So the combined effects of stress,
temperature, and air pressure will have to be thoroughly evaluated for this

material.

In lieu of the optimized sheet, we have been using currently-available
TD-NiCr sheet to get a preliminary "feel" for the two properties that are of
most concern to us. These are the high temperature ductility and the oxida~

tion resistance.

High Temperature Ductility: The ductility of TD-NiCr is somewhat unique for
metallic systems since it continually decreases with increasing temperature,
as shown in Tigure 6. Most other metals (such as the nickel alloy HS25 and
the columbium alloy D-43 in figure 6) go through a ductility minimum at
intermediaste temperatures, but they usually have higher ductility at their
operating temperatures. In the case of currently-available TD-NiCr, the
tensile elongation values at the desired operating temperatures are about
one to two percent. This low ductility could limit the material's resis-

tance to low-cycle fatigue.

Since adequate high temperature fatigue data were not avallable for
TD-NiCr, flexural fatigue tests are being conducted in an in-house Lewis
program. These tests involve cyclic (tension/compression) loading of sheet
forued into a semi-circle. The test configuration is shown schematically
in figure 7 along with the initial results of the tests. Resistively-
heated strips of TD-NiCr are fixed at one end, and push-pull loading is
applied to the other end to gimulate panel buckling loads. These tests
are being run in air at 2200 F at a eyclic frequenc; of 0.05 hertz,
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The initial vesults for TD-NiCr correlate well with fatigue~life
predictions based on creep and tensile-ductiliby measurements. In fact,
the results indicate that the mode of failure in these tests is cyclic
creep-rupbure from the additive effects of the tensile component of the
cyclic stresses applied. Although the allowable strain range for this
material is relatively low (as shown in figure 7), these valuec appear to be
tolerable for most heat shield panel designs. However, higher levels of
allowable styain are desirable to allow more flexibility in panel design. This
appears to be achievable in dispersion-strengthened alloys through increases
in high temperature ductility. Por example, figure 7 shows that the allowa-
ble strain range for TD-Ni (Ni-2Th0,) is nearly double that of TD-NiCr. This
difference is largely due to the di%ferences in high temperature ductility
of the two alloys (e.g., QOOOOF tensile elongation values of about seven
percent for TD-Ni and two percent for TD-NiCr). Thus, improvements in the
high temperature ductility of TD-NiCr are desired. This is being pursued
in both the sheet processing studies (described previously) end the alloy
optimization studies (to be described later)., Our goal for these studies
is five percent tensile elongation at 2000 F.

Oxidation Resistance: TIn regard to the oxidation resistance of TD-NiCr,
the picture is not quite as clear as that of ductility. Re-entry conditions
impose three major parameters which affect the oxidation of TD-NiCr. These
parameters are high temperature, high-velocity air flow, and low oxygen
pressure. TIhe combined effects of high temperature and air flow on TD-NiCr
have been examined in burner-rig tests for jet engine applications. How-
ever, the additional effects of low pressure oxygen have not received much
attention, and this effect can pose a special problem for this alloy. The
oxidation resistance of TD-NiCr is associated with the chromium addition
which forms a protective Cr20 surface layer when heated in air., But low
pressure-high velocity cond1t§ons can cause vaporization losses and partial
depletion of the chromium. This can lead to the formation of less-protective
surface layers.

The severity of this effect is currently our prime concern with TD-NiCr
because this will probably determine the upper use-temperature of the alloy.
Therefore, oxidation tests are now being vigorously putrsued in arc-jet tunnels.
Because of the complexities of this type of testing, programs have recently
been started at both the Langley and Ames Research Centers. The initial
tests in these studies are limited to use of small TD-NiCr specimens (0.5
to l-inch diasmeter disks) because of test equipment limitations. These tests
involve an airstream velocity of about Mach 5, a stagnation point pressure
of about 15 Torr, and a 90" orientation of the specimen (in relation to the
air stream), The specimen is heated by the arc-jet air stream, and cyclic
testing is used with 30 minutes hold at the test temperature for each cycle.

An early test was run at 1800°F for 50 cycles, and the specimen showed
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litt%e effect of the test conditions. So other tests have been run at
2200°F to evaluate the upper-end of the use-range for this material. The
initial resuits from tests at this temperature are plotced in figure 8.
For comparison, static test results obtained at Lewis in a vacuum furnace
are also shown on this plot.

These results indicate the following:

1. Comparison of the static and dynamic test results confirm that the
combined effects of low pressure and high velocity appreciably
increase the amount of surface loss from TD-NiCr at this temperature.
Thus, simple vacuum furnace tests are not adequate to determine
the true oxidizing effects of re-entry.

2. Comparison of the two sets of dynamic test results indicate
relatively good correlation considering the differences in test
conditions (e.g., enthalpy, material lot, specimen size and thick-
ness, ete.). Thg amount of surface recession (1.5 to 2 mils in
25 hours at 2200 F) might be considered a tolerable level for
Space Shuttle use. But post-test metallographic examination of the
specimens indicates the formation of considerable amounts of
internal porosity. Since this porosity would probably cause &
substantial decrease in material strength, the material would be
considered marginal for use under these severe test conditions.

Much more of this type of dynamic testing is needed to determine the true
oxidation resistance of this material under re-entry conditions and to
establish the upper limit on its usable temperature range. This must
include a study of the effects of test variables. For example, the
initial tests were run at enthalpy values of about 1000 to 3000 Btu/lb.
which are considerably less than the values expected for Space Shuttle
heat shields (i.e., greater than 10,000 Btu/lb.). Theoretical analysis
of this effect by Langley personnel indicates that the material's lifetime
is proportional to the square of the enthalpy. If this correlation is
correct, these arc-~jet tunnel tests are much more severe than re-entry
conditions. Therefore, better re-entry simulation tests must be dzvised
before the full capabilities of TD-~NiCr can be determined.

BACK-UP DEVELOPMENT PROGRAM
Alloy Optimization
In parallel with the ‘development and eveluation of TD-NiCr, our back-
up development program includes evaluation of the effects of alloy com-

positional changes. This work is being done through in-house studies at
Lewis and the Fansteel sheet-process development program, plus some other

167



augmenting contracted studies. This work is primarily directed toward
improving the oxidation resistance, but some of the effort will also seek
improvements in high temperature ductility. Various combinations of alloy-
ing additions will be evaluated to determine if they have beneficial effects
on these properties.

.o .
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, The feasibility of this alloying approach to improve oxidation resistance
}_ vas demonstrated in recent tests on a Ni-~Cr-ThO, alloy modified with

‘ aluminum and yttrium additions. These elements are known to have beneficial
effects on the oxidation resistance of nickel and iron-base alloys. The
improved behavior is thought to be due to the formation of an A120 surface
layer which is more protective than the Cr_ 0, layer formed on TD—N?Cr.

A specimen of a dispersion-strengthened NiSCr-Al-Y alloy (produced by
Fansteel for the Pratt and Whitney Aireraft Co.) was tested in an arc-

jet tunnel at the Ames Research Center. Test conditions were similar to
those used for the TD-NiCr tests described earlier. After forty 30-minute
cycles to 2200 F, the specimen exhibited no significant surface recession
nor internal porosity. Thus, this initial test indicates that this alloy
has much better oxidation resistance than TD-NiCr.

However, this modified alloy does not represent the full solution to
the oxidation problem with TD-NiCr. Tests on the initial samples of this
alloy indicate that the alloy additions also reduce the low temperature
ductility of the alloy to a level which makes sheet forming operations
extremely difficult. Also, the formation of an A120 surface layer reduces
the emissivity of the sheet. Thus, more extensive study of alloying
additions (and processing methods) is needed to achieve the proper balance
in desired propertics.

Mternate Sheet Manufacturing Process

Another part of our back-up program involves development of alternate
supply sources and manufacturing processes for Ni-Cr-ThO, sheet. For this
purpose, we recently awarded a contract to Sherritt-Gordon Mines, Ltd. for
development of a much different sheet manufacturing process. This process
will involve the diffusion of chromium into wrought Ni-2ThO_, sheet which
is currently available in production quantities. The process has been
successfully demonstrated for small, laboratory-scale specimens, but
scale-up of the process is needed to produce large sheets. The current
program will involve process development to produce sheet sizes of at
least 24 x 48 inches in the thicknesses of 0.010 to 0.03C inches.

The differences in the microstructures of the Ni-Cr-ThO, sheet pro-
duced by either Fansteel's powder blending process or Sherritt-Gordon's




chromium-diffusion process are illustrated in figure 9. The TD-NiCr
specimen contains more elongated grains vhich result in higher strength
than the more equiaxed structure of the experimental material. However, the
experimental product is much "cleaner" which results in better ductility
and possibly better resistance to porosity formation under oxidizing con-
ditions. The dark spobts in the TD-NiCr sheet are Cr, 0, particles which are
formed during the powder processing steps and are di%f cult to eliminate
during subsequent processing. These oxides do not form in the alternate
processing method since chromium is not introduced until the material is

in a wrought-sheet form. Thus, this alternate process offers potential
for possibly achieving better properties, if the process can be fully
developed for large-size sheet.

(Wote: We want to acknowledge the cooperation and support of the Canadian
government, through the Defense Research Board and the Canadian Commercial
Corporation in the award of Contract NAS3-1h%1% with Sherritt-Gordon.)

CONCLUSTIONS

In conclusion, I have tried to show that dispersion-strengthened alloys,
such as TD-NiCr, offer great potential for use in re-entry heat shields
at temperatures in the range of about 1800  to 2200 F. However, these
materials are relatively new and thus have their share of problems which
rist be resolved before their potential can be fulfilled.

Improvements are needed in the processing of TD-NiCr sheet and the fabri-
cation of heat shizld panels, but these seem to be achievable in a relatively
straight-forward manner. And we expect that these needed advancements will
result from the various technology programs now being started.

Tne most crucial problem area for this material appears to be its
oxidation resistance. TD-NiCr is probably acceptable for initial flight-
use, but better similation testing is needed before we can establish its
upper use-temperature for eventual use in 100 flights or more.

In short, TD-NiCr offers both great potential and some problems! But
I personally feel that the problems associated with this material are much
easier to solve than the problems associated with any other material con-
sidered for use in Space Shuttle thermal protection systems at temperatures
above 1800°F.
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Figure 1

RELATIVE STRENGTHS OF HEAT SHiELD MATERIALS
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Figure 3

EFFECT OF PROCESSING METHODS ON THE
STRENGTH OF TD-NiCr SHEELT
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Figure 5
SOLID STATE WELD IN Ni-Cr-ThOz SHEET
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Figure 6

DUCTILITY OF HEAT SHIELD MATERIALS
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ol Figure 7

EFFECTS OF HIGH TEMPERATURE FLEXURAL FATIGUE
ON SHEET OF DISPERSION~STRENGTHENED ALLOYS
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Figure 9

MICROSTRUCTURES OF Ni-20Cr-2ThO, SHEET
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REFRACTORY METAL HEAT SHIELD TECHNOLOGY FOR SPACE SHUTTLE
Bland A. Stein, Donald R. Rummler, and L. Roburt Jackson

NASA Langley Research Center
Hompton, Virginia

SUMMARY

In developing her! shields for thermal protection systems of space shuttle; the most important
Tactor to be considered is reiiability, A high probubility thet flight weight shields will survive the
complex environment for 100 flights with minimum refurbishment is the goal of the NASA technology
development effort. This paper first briefly reviews the status of coated refractory metals for heat
shields. The important environmental factors which these shields must survive are listed. Specific
heat shield configurations which have been proposed are reviewed and some of the configuration restraints
which are important for coated refractory metals are discussed. A new heat shield configuration is
proposed to satisfy these restraints., Finally, NASA contractusl and in-house studies pertaining to

coated refractory meval heat shield technology are listv-.

Shuin-Fomler-TackIon
INTRODUCTION
It is generally recognizel that thermal protection systems (TPS), consisting of heat shields, shield
supports and thermal insulation to protect the primary structure, are among those systems which require

technology development to perform the shuttle mission. The most important factor to be developed for

flight weight metallic heat shields of these thermal protection systems is reliability. T%heore must ce a
high probability that the shizlds will survive the operstional environment for 160 flights with minimum
refurbisiment. Two other importint goals in the development of these systems are minimum weight und cost.
This paper reviews the status of coated refractory metals fov heat shizlds and the envirorment the
heat shields must survive., Refractory metal heat shield coanfigurations which have been propused are
described along with confipgurational restrainte uhiph are important for refractory metal construction.
A new heat shield concept is proposed to satisfy tt)\,ese restraints, Finally, a brief review of MNASA
contractual and imhouse studies perceining to coated rofractory metal heat shields is given. These
studies and others to come in the future make up the NiSA technology develonment program in this srea,

The purpose of these studies is to advance the state—of-~the-art in refractory mrtal heat shield thermal

protection systems to the point whars y reifable system is ready for the shutule application,
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APPLICATION OF TPS MATERIALS

Material usage currently anticipated for the shuttle orbiter thermsl protection system is shown.
For the maximum use temperatures listed, titanium alloys and nickel- or cobalt—base superalloys may cover

from 65 to 90 percent of the orbiter surface, depending on vehicle configuration and reentry trajectory.

Technology for titanium and superalloys anpears to be pretty well in hand with only denonstration of full-

size heat shields and validation of weight and cost predictions remaining prior fo shuttle application.

All the other materials listed here are candidates for the hotter portions of the orbiter surface.
Tachnology for dispersion-stabilized alloys such as TD-NiCr, compacted ceramic fibers, carbon/carbon
composites, and ablators has been covered in other papers in this conference.

This paper covers technology for coated columbiwn and tantalum alloys; these refractory metals are
prime candidates for heat shields operating at temperatures from 2200° F 4o about 2800° F. The latter
temperature appears to be the upper limit for use of current oxidation resistant coatings in the shuttle
application. Columbium and tantalum alloys ara currently envisioned for $ to 10 percent of the orbiter
surface. However, it is important to realize that, should dispersion—stabilized alloys like TD-NiCr
not be available in time, coated columbium alloys will be prime candidates for up to 25 pernent of the
thermal protection system. Thus, a large effort in coated columbium alloy technology has besun this year,

as indicated subsequently.

- km aa e see at e vies

APPROXIMATE MAXIMUM

APPROXIMATE ORBITER AREA

MATERIAL USE TEMPERATURE, BELOW MAXIMUM USE TEMP.,
..... °F Percent ]
Tianium 800 25-50
Superalloys 1800 65-90
TD-NiCr 2200 85-95
Coated Columbium 2400 90-98
Compacted Ceramic Fibers 2400 (future 3000) 90-98
Coated Tantaium 2800
Carbory/ Carbon Composites 2600 (future >3000) 95-100
Ablators, Diborides >3000
)
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CURRENT CAPABILITIES OF CQATED REFRACTORY METALS

Development of high strength columbium and tantalum alloys and oxidation resistant coatings for them

has been in progress for the past decade, under Department of Defense and NASA sponsorship.

These studies

have provided a major improvement in coating technology, the fused slurry silicide coatings for columbium

alloys which, in our opinion; are ready for scaleup to full-size heat shields.

This slide indicates the current status of the coated refractory metals presently considered for

heat shields,

2400° F; this limitation is due primarily to creep limits in current alloys.

For columbium the maximum use temperature for the shuttle heat shield application is about

Based on static air

environmental tests of small fabricated specimens, a 60 to 100 flight capability is possible for silicide

coated Cb 752 alloy.
airflow environments.

However, this potential remains to be proven for full-size heat shields in high-speed
Another advantage of the fused slurry silicide coatings is-that defected specimen

tests indicate the potential reusability of these coated alloys, even with small failure sites, for

several flights with no massive heat shield damage.

environment tests.

Again, this remains to be proven in simulated shuttle

For tantalum, on the other hand, although alloys have been developed with acceptable strengths above
2800° F, no acceptable coatings are available for reliable reuse at the temperatures of interest.

COLUMBIUM ALLOYS

TANTALUM ALLOYS

3. Defected coatings possibly usable for several flights

1. Alloys awailable with acceplable strength to >2800° F
2. No acceplable coatings awailable for reliable flight use

1. Nominal use temperature limited to ~2400° F by creep strength of alloys
2. 60-100 flight capability possible for silicide-coated Cb~752




ENVIRONMENTAL FACTORS FOR COATED REFRACTORY METAL THERMAL PROTECTION SYSTEMS

The environmental factors which may affect the design of a thermal protection system for space
shuttle are listed. For each phase of the orbiter mission several factors and the possible modes of
damage for the thermal protection system ere given. An overall assessment shows that physical coating
damage by erosion and impact can come during launch, orbit, landing and ground operations while chemical
damage to coatings is most likely during ascent and reentry; general corrosion may be a problem for many
materials in ground operations. Noise and vibration damage to heat shields and insulation is pcssible
during launch, ascent, reentry, and landing. Thke reentry subjects the system to maximun temperature
with some pressure loading so that oxidation, creep damage and panel buckling become possible during
that mission phase but maximum pressure loadings on heat shields will occur during either the ascent
phase when the heat shield is at a moderately elevated temperature or during the subsonic cruise phase,
depending on venting details in the shuttle vehicle. In general, the design, fabrication and testing of
thermal protection systems to demonstrate developed technology must consider all of these environmental
effects. The tests should be run to simulate the 100 flight operational life span projected for shuttle.
Complex tests of this type are not possible at this time. Tests which can be run are expensive for full—
size hardware and still cannot include all important test parameters simultaneously. Consequently,
extreme care must be taken in planning test programs which will verify thermal protection system
technology.

Mission Phase Environmental Factors Posible TPS Damage Mode
Launch Rain, hail or debris Ceating erosion
) Noise ) © Support and fastener fatigue
Vibration ~ . Panel flutter
Ascent Vilgration " Flutter
Noise "Sonic fatigue
Surface heating "Pest* failure
Max. dynamic pressure ‘ Stl'tic strength
Orbit ' Vacuum Ih. uhtion dagradation
Micrometeoroid impact . Cératlng erosion or pitting
Solar radiation ' High internal heat loads
Reentry Max. surface temperature  Cumulative ¢
f v reep damage
- * Surface pressure . Panel buckling e
, Aerodynamic noise - Coating oxidation
Insulation degradation
. Thmnal fatigue
Cruise and Pressure differential Shtic strength ‘
landing Rain, hail or ground debris \ : Coating erosion or pitting
i Moise and vibration - ( Suwort or fastener fatigue
Ground operations . Variable emp. and humidlty \Insulauon dogmhtion ’
- Ground hmgglng ;oo . Substructure oog'msm
2 f Impct damage:
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applications are shown.
heat shield panel, panel supports, and fibrous insulation to protect the primary structure from the

It should be noted that fibrous insulation mey require packaging.
shield configurations pictured here include a brazed honeycomdb core sandwich structure with post supports,
a simple corrugation with elip supports and a double beaded skin panel with beam and post supports.
configurations were developed primarily for uncoated superalloy construction and, in our opinion, may run
into serious problems of reliability if constructed from coated refractory metals.

externa). environment.

post supports

TYPICAL METALLIC HEAT SHIELD CONFIGURATIONS

Simple corrugation

clip supports

Three heat shield configurations which are typictl of those that have been suggested for shuttle
The center sketch indicates the entire thermal protection system consisting of

Heat shield

Fibrous insufation
Primary structure

-Double beaded skins
beam and post supports
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CONFIGURATION RESTRAINTS FOR COATED REFRACTORY METAL TPS DESIGN

Even with the assumption that current technology can provide a uniformly distributed coating of
adequate thickness on a columbium substrate, insufficient attention to heat shield design details will
still lead to premature coating failures., Nine configuration restraints are listed which should be
taken into account in ary coated refractory metal TPS design. Edge and corner radii should be maximized
for good coating performance and minimum coating handling damage. Adequate radii may be a problem with
both the simple corrugation and the beaded panel (see previous slide), Elimination of faying surfaces
prior to coating appears impossible with both the honeycomb end the double beaded panel. Coated sliding
surfaces supporting airloads are undesirable as well as coated supports which must withstand appreciable
strains during each heating cycle;, thus the support systems sho n the previous slide appear to be
undesirable for coated refractory metal construction.

Configuration restraints which preclude coating of all panel surfaces are a problem primarily for a
brazed honeycomb sandwich. The high surface area to volume ratio of the thin gage uncoated honeycomb
core makes this panel type extremely vulnerable to oxidation after any external panel damage., Regions
in fastener areas may also present hidden surfaces and, in general, the use of coated refractory metal
fasteners is undesirable and should be minimized., All coated surfaces should be visible prior to
installation because, in our opinion, completely acceptable nondestructive evaluation procedures for
coated panels with interior coated surfaces are unavailable at this time, The double beaded panel
construction suffers on this point. In fact, NDE for recertification of any panel configuration in place
on a structure is in its infancy.

The avoidance of braze/ coating contact is an important factor in coating protectiveness for the braze
and coating systems currently under consideration. This problem is most significant for the honeycomb
sandwich but brazing may also be required for the double beaded panel if other fabrication methods are
unsatisfactory for full-size shields. The final item here is avoidance of contact of the coated heat
shield or its support with incompatible materials which could cause possible chemical or eutectic
reactions. Material compatibility is a general problem for any heat shield design.

" Maximize edge-and corner radii
" Minimize faying surfaces prior to coating
Minimize sliding surfaces supporting airicads
Minimize coating strains ,
Allow all surfaces to be coated | -,
Coated surfaces visible prlor/tolinshllgﬁon
Minimize use.of cmtd fastomrs ‘ |
Avold braze/coting ‘contaict | L :
. Avoid contact wlth lneompntlblo nntorhls oo ‘

28 : e



has led to new ideas for coated refractory metal heat shields.
It must be pointed out that as of this date the 2-ft. square heat shield shown here is a concept only; it

shown on the upper right.

be more easily understood.
left and a detail of the external attachment is shown at the lower right.

COATED REFRACTORY METAL HEAT SHIELD CONCEPT

-

Consideration of these configuration restraints noted in the preceding slide for existing designs
An example of one such concept is shown.

has not been fully analyzed and has not been fabricated.

The aerodynamic surface of the heat shield is shown at the upper jeft and the internal details are
These details are not to scale; they are highlighted so that the concept may
A wall section of a complete TPS using this heat shield is shown at the lower
The aerodynamic outer surface

of the shields is relatively smooth. Thermal bowing is minimized by the use of shallow depth integral

stiffeners which are radially oriented beams supporting the pressure differe\uce loading on the snield.

Overall bowing of the panel is prevented by the use of multiple supports. Differential expansion between

shield and primary structure is accommodated by the flexible superalloy support clips which are oriented
to support drag shear in any direction while imposing little restraint to thermal expansion. The shields
The access hole to the screw is

are attached to the structure from the outside by superalloy screws.
The connections to the superalloy

plugged with a coated refractory metal cup filled with insulation.
clips are made at the 1500° F isotherm. This concept utilizes overlapping segmented edge seals.

Each design constraint {previous slide) is considered in this concept. .Generous edge and corner
No faying surfaces exist before coating application and
Coating strains have been minin“zed. All surfaces
No coated fasteners are required

radii are used in all refractory metal members.
no load—carrying coated sliding surfaces are used.
are coated and all coated surfaces are visible prior to installation.
and no brazing is used. The only contact with possible incompatible materials is in the external
attachment plug which could be readily replaced and at the 1500° F connection to the superalloy supports.
Further design, thermostructural apalysis, fabrication, and realistic testing of this coated refractory
metal heat shield concept is necessary to evaluate its performance,

Superalioy
support clips
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COATED REFRACTORY METAL TECHNOLOGY RESPONSIBILITIES

A list of technology areas and responsible centers for the coated refractory metal technolog&
programs is shown. Coating development and scaleup programs are under Lewis Research Center. Design,
fabrication and evaluation studies on full-size thermal protection system panels are the prime responsi—
bility of the Langley Research Center with the Ames Research Center taking a significant role in the
evaluation phase. Development of nondestructive evaluation and defect—~repair processes are the
responsibility of the Marshall Space Flight Center.

It should be noted that, although these centers have prime responsibility for the areas listed,
other NASA centers will contribute their efforts where specific expertise exists. To develop this
teéhnology, both contractual and in-house studies have begun as listed in the following slides.

-~ TECHNOLOGY AREA RESPONSIBLE CENTER

. Coatings Development and Process Saleup " LeRC
Design, - Fabrication, and Evaluation of Full- Size (aRC (ARC)
> Integrated TPS Panels < . :
Development of NOT and Defect-Repair Process™ MSFC
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COATED REFRACTORY METAL TPS TECHNOLOGY PROGRAMS
Contractual Programs

This slide lists the NASA contractual programs in coated refractory metals for FY 70 and FY 71l.
All studies listed here have either recently been initiated or will begin in the very near future and
no comprehensive technical results will be available for several months yet. It is expected that these
efforts will nead to be supplemented as design criteria become more specific and as additional problem
arcas are identified by the existing studies. B

Most of these studies involve columbium alloys because of the availability of at least one coating/
substrate system which appears ready for scaleup to full-size components. This is the purpose of the
Langley Research Center coated columbium study listed first. A refurbishment cost study also undertaken
by Langley will include coated refractory metal shields., Under Lewis Research Center support, materials
scaleup and the optimization of existing columbium systems is under way and contracts %o develop an
improved tantalum alloy coating will begin soon. As noted previously, tantalum heat shield technology
awaits the development of such a coating. Marshall Space Flight Center has four contractual programs,
all for coated columbium alloys. These include evaluations of commercially available coatings and
coating emittance to establish design properties and studies of field repair methods and cefect tolerance

and crack propagation behavior.

TIME RESPONSIBLE CENTER
Coated Columbium-Alloy Heat Shields for LaRC
Space Shuttle Application
Refurbishment Cost Study of a Space LaRC
Shuttle Vehicle
Scaleup and Optimization of Fused Slurry LeRC
Silicide Coatings for Columbium Afloys
Development of Improved Fused Slurry : LeRC
Silicide Coatings for Tantalum Alloys .
Evaluation of Oxidation Resistant Coatings | MSFC
for Columbium Ailoys , 3
High Temperature Emissivity Measurements MSFC
"-gn Coated Columbium Alloys '
Field Repair Methods for Coated Columbium " MSFC
Defect Tolérance and Crack Propagation - MSFC
Behavior of ‘Coated Columbium Alloys oo \
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COATED REFRACTORY METAL TECHNOLOGY PROGRAMS

NASA in-house coated refractory metal studies which are either under way or will begin soon are
listeds At the Langley Research Center studies are under way to provide a good definition of the local
thermal protection system environment for coated refractory metal shields. Langley will evaluate the
performance of coated columbium sheet in the best simulation of this environment which we can provide.

Lewis Research Center is exploring both improvements to existing fused slurry coatings for columbium
and advanced coatings for columbium alloyrs. At the Marshall Space Flight Center there is an in~house
effort to obtain and codify design properties for coated columbium alloys and there is in~house werk to
develop columbium alloy fabrication procedures. The final item listed is an assessment by the Mannca
Spacecraft Center of the properties of refractory metals with commercially available coatings and of
nondestructive evaluation procedures for these material systems.,

TITLE RESPONSIBLE CENTER
Definition of Locai TPS Environment laRC
Performance of Coated Columbium Alloy LaRC
Materials in a Simulated Shuttle ARC
Environment
Exploratory Studies of Fused Slurry LeRC
Caatings for Columbium Atloys
Exploratory Investigation of Advanced LeRC
Coatings for Columbium Alloys
Design Properties for Coated Columbium Alioys MSFC
Coiumbium Alloy TPS Fabrication Studies MSFC
Refractory Alloy Studies - Materials and MSC
NDE Assessment '

N

y CONCLUDING REMARKS

A review of the WASA technology progesss in coated refractary metal heat shields for shuttle
application has been presented. It is mt\i.?\!.patod that these programs and others to come in the
future vill provide the necessary materials system developments, heat shield designs, and the
experimental verification required to demonstrate thc applicability of coated refractory metal thermal
m}:\?octimmynm for space shuttle. C "
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NONMETALLIC REUSABLE THERMAL PROTECTION SYSTEMS

D, H, Greenshields
Manned Spacceraft Center
Houston, Texas

INTRODUCTION

The most highly developed and most thoroughly investigated reusable thermal protection
materials for use on the shuttle are metals which have been alloyed and specially treated to
exhibit oxidation resistance and high strength at elevated temperatures. However, there
exists nonmetallic materials which exhibit inherent chemical stebility and/or high strength
properties qnder entry conditions, and thus are potentially better choices for reusable heat
shield application. The development of two such materials, refractory oxide and carbon
composites, are being pursued to assure that the potential advantages of these materials
are adequately investigated. ’

APPLICATION OF MATERIALS YO THE SHUTTLE ORBITER

THE FIRST CHART SHOWS THE AREAS OF THE ORBITER WHICH WILL EXPERIENCE PEAK ENTRY TEM-
PERATURES IN FOUR RANGES. THE SHADED AREAS INDICATE THE VARIATION IN THESE AREAS WHICH
MIGHT OCCUR DEPENDING ON THE EXACT VEHICLE CONFIGURATION, ENTRY ATTITUDE, AND TRAJECTORY.

IT WILL BE NOTED THAT A LARGE AREA CAN BE PROTECTED BY STRUCTURAL METALS FOR WHICH
THE STATE-OF-THE-ART IS WELL ESTABLISHED. HOWEVER, PROTECTION OF THE REMAINING HALF OF
THE AREA REQUIRES THE USE OF MORE ADVANCED MATERIALS, SUCH AS THOSE INDICATED AT THE TOP
OF THE FIGURE. NOTE ALSO THAT THE WEIGHT, COST, AND DIFFICULTY OF APPLICATION OF THE
METALS GENERALLY INCREASES TOWARD HIGHER TEMPERATURES. THE SURFACE INSULATION CONCEPT,
HOWEVER. IS COMPETITIVE IN WEIGHT AND SIMPLICITY WITH THE SUPERALLOYS, AND YET ITS TEM-
PERATURE RANGE EXTENDS TO THE HIGHEST TEMPERATURE FOR WHICH DEVELOPED METAL SYSTEMS ARE
AVAILABLE. THE CARBON SYSTEM EXTENDS IN CAPABILITY TO EVEN HIGHER TEMPERATURES, AGAIN
WITHOUT DIFFERENT WEIGHT OR COST PENALTY.

of el W] e
i e T s
st Q ADVANCED
\ CARBON,
& SURFACE
rys . Q INSULATION
cgafé{? x| § VARIATION
AREA § " S Y sErweeN
, DESIGNS
af
o} ‘
; 1 1 1 S l—m-l
0 50 1750 250 000 3500

- PEAK TEMPERATURE, *F -

185

N70242990

.

S et S e s S

it

TR

2

T T TR T T e

ol

B T e —

o

i

TOTETREYS

N

w.xa
M
"
:

SR V. 3




Rt miE g

NONMETALLIC TPS CONCEPTS

THE APPLICATION OF REFRACTORY OXIDES BEING DEVELOPED IS THAT OF SURFACE INSULATION
SYSTEMS. 1IN THIS CONCEPT, THE REFRACTORY OXIDE IS USED IN THE FORM OF A FIBER INSULATION
MAT WHICH HAS BEEN RIGIDIZED WITH A CERAMIC BINDER AND COVERED WITH A DENSE, TOUGH SUR-
FACE LAYER., THIS MATERIAL IS THEN BONDED TO SUBSTRATE PANNELS WHICH MAKE UP THE AEROSHELL
OF THE VEHICLE, OR BONDED DIRECTLY TO THE LOAD CARRYING STRUCTYRE. THUS, SOME OF THE
SIMPLICITIES OF THE FAMILIAR ABLATOR SYSTEMS ARE REALIZED.

{
i
i
1y
b4

4
|3
'i
|
:z
2

Mw‘ﬁﬁ"“ '-“..ﬁ’: .

FUSELAGE

S TR s |
e CRYO INSULATION S0 S ARy
PURGE SPACE

)

SR ATOE

N——EXTERNAL SURFACE
WING HARDENED SURFACE

o CaURFACE INSULATIONS .

\tumun SURFACE
HARDENED SURFACE




NI LS

WEIGHT COMPARISON OF NONMETALLIC AND METALLIC SYSTEMS

TYPICAL MFTALLIC AND SURFACE INSULATION SYSTEMS HAVE BEEN SIZED FOR A SHORT RANGE
SHUTTLE ORBITER. THE UNIT WEIGHTS OBTAINED ARE SHOWN AS A FUNCTION OF HEAT LOAD, WHICH

VARIES WITH LOCATION ON THE VEHICLE.

WEIGHTS ARE SHOWN BOTH FOR APPLICATIONS REQUIRING

THE USE OF A SUBSTRATE PANNEL (FUSELAGE) AND THOSE FOR WHICH A LOAD BEARING STRUCTURE

CAN BE USED AS THE SUBSTRATE (WING).

NOTE THAT THE WEIGHTS OF ALL THREE SYSTEMS STUDIED

{SUPERALLOY, COLUMBIUM, AND SURFACE INSULATION) ARE COMPARABLE FOR THE CASE WHERE A
SUBSTRATE MUST BE CHARGED TO THE TPS, HOWEVER, WHERE A LOAD CARRYING STRUCTURAL SURFACE
IS AVAILABLE, A 50% WEIGHT ADVANTAGE IS INDICATED FOR THE SURFACE INSULATION.

TPS UNIT
WEGHT 3}
s
F12

"1600°F

a=60°
CROSS RANGE = 250 N M

TPS ON FUSELAGE
2500°F

TPS ON WING

——— SURFACE INSL
e RENE'
—COLUMBIUM

) o 4
3 172 x 10°

HEAT LOAD, BTU/FT2




SURFACE INSULATION SYSTEM

THERE ARE SEVERAL COMBINATIONS OF FIBERS AND BINDERS WHICH CAN BE USED TO FORM A
SURFACE INSULATION MATERIAL. IN GENERAL, ALL THESE MATERIALS SHARE THE ADVANTAGES OF
SIMPLICITY, STABILITY, AND WEIGHT-EFFECTIVENESS. HOWEVER, THEY ALSO SHARE PROBLEMS,
ALTHOUGH LESS BRITTLE THAN THE USUAL CERAMICS, MECHANICAL PROPERTIES CONSTRAIN THE
SYSTEM DESIGN. THE OTHER PRIMARY PROBLEM IS THAT OF A COATING WHICH IS SUFFICIENTLY
TOUGH AND WATER RESISTANT TO SURVIVE THE TOTAL SHUTTLE MISSION ENVIRONMENT.

FIBER BINDER
i0, COLLOIDAL $i0,
A, 5i, PYROLIZED SILICONE RESINS
2 PHOSPHATES
o, ZIRCONIUM SALTS
_ADVANTAGES PROBLEMS SIBLE SQLUTION
THERMAL EFFICIENCY DEVITRIFICATION TRACE INHIBITORS
REUSE WATER ABSORPTION PORE GEOMETRY AND NON-
WETTING FIBERS; COATINGS
OVERTEMP CAPABILITY EROSION RESISY. COATING  SURFACE DENSIFICATION
DESIGN SIMPLICITY
COMPATIBLE WITHWEIGHT-  LOW MECHANICAL STRENGTHS  REINFORCEMENTS
EFFICIENT STRUCTURES
CONVENTIONAL ATTACHMENT  LOW STRAINLIMIT DESIGN
AT LOW TEMP
INSPECTION
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CARBON-CARBON COMPOSITES

THERE ARE SEVERAL DIFFERENT TYPES OF CARBON FIBER WHICH CAN BE USED TO MAKE THE CARBON-BONDED
CARBON COMPOSITE MATERIAL. HOWEVER, THOSE BEING PURSUED FOR SHUTTLE APPLICATION ARE USED IN

A CLOTH FORM, IMPREGNATED WITH A PHENOLIC RESIN. THIS PRE-PREG IS LAID UP IN MOLDS MUCH LIKE
FIBERGLAS, AND CURED. SYSTEMS DESIGNED USING THIS MATERIAL TAKE THE SAME BASIC FORM AS THOSE
DESIGNED USING METALS. AFTER THE LAY-UP IS CURED, THE ARTICLE IS SUBJECTED TO FURTHER HEATING
AT TEMPERATURES ABOVE 2000°F, AND THE PHENOLIC RESIN AS PYROLIZED INTO CARBON. INHIBITORS
USED WITH THIS SYSTEM ARE USUALLY METALS WHICH FORM CARBIDES ON HEATING WiTH THE CARBON MATRIX,
AND OVER-LAYS OF A REFRACTORY OXIDES. THE ADVANTAGES OF THIS SYSTEM OVER METALLICS LIE IN THE
INHERENT HIGH TEMPERATURE STRENGTH OF CARBON, AND THE HIGH CHEMICAL STABILITY OF THE CARBIDES
AND OXIDE USED TO INHIBIT OXIDATION. IT SHOULD BE NOTED THAT BORIDES CAN ALSO BE USED ON A
SECONDARY INHIBITOR WITH CARBIDES. THE RESULTING SYSTEMS SHARE THE HIGH TEMPERATURE ATTACH-
MENT PROBLEMS WITH METALS, AND ARE NOT DUCTILE, THUS FACING DESIGN AND FABRICATION PROBLEMS.

MATERIAL " INHIBITING ELEMENT PHYSICAL DISTRIBUTION
REINFORCEMENT BORON IN-DEPTH DIFFUSION
CARBON, GRAPHITE SILICON DISPERSED WITH BINDER
CLOTH OR FIBER ZIRCONIUM SURFACE OVERLAY
BINDER OTHER CARBIDE AND OXIDE  COMBINATION OF ABOVE
FORMER'S
PYROLYZED RESIN
ADVANTAGES PROBLEMS POSSIBLE APPROACH
HIGH TEMP STABILITY INHIBITOR ABOVE 3000° F - MATERIAL DEVELOPMENT
LIGHT WEIGHT STRUCTURAL COMPATIBILITY  DESIGN DEVELOPMENT
HIGH STRENGTH AND MODULUS,  THERMAL MISMATCH BETWEEN  MATERIAL AND DESIGN
DIRECTIONAL INHIBITOR AND CARBON DEVELOPMENT
COMPLEX SHAPE FABRICABILITY COST . SYSTEM STUDY
INSPECTABILITY INTER-LAMINAR STRENGTH  MATERIAL AND DESIGN
FAILSAFE CHARACTERISTICS DEVELOPMENT
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THERMAL DEGRADATION OF CARBON-CARBON

1
¢
i

CARBON IN ITS PURE STATE IS SUBJECY TO OXIDATION AT TEMPERATURES OVER 1000°F. HOWEVER, THIS
OXIDATION IS GENERALLY AT A LOWER RATE UP TO 4000°F, AND CARBON ACTS AS A RELATIVELY EFFICIENT
ABLATOR UNDER ENTRY CONDITIONS. THE CLASSICAL OXIDATION OF CARBON IS INDICATED IN TERMS OF
A SURFACE RECESSION PARAMETER AS A FUNCTION OF TEMPERATURE BY THE SHADED BAND ON THE CHART,

; THE STATE-OF-THE-ART FOR TH: SIMPLEST CARBIDE-INHIBITED CARBON SYSTEMS IS INDICATED BY THE

i NEARLY VERTICAL LINE AT 270C“F. THIS PERFORMANCE HAS BEEN REPEATEDLY DEMONSTRATED IN ARC

{ HEATED FACILITY TESTS AT REALIS™IC CONDITIONG. HOWEVER, WORK IS PRESENTLY UNDERWAY ON THE

“; OVERLAY AND BORIDE SYSTEMS WHI':# SHOW PROMISE UP TO 3500°F OR 4000°F.
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SURFACE INSULATION DEVELOPMENT APPROACH

THE DEVELOPMENT OF SURFACE INSULATION WAS INITIATED BY SCREENING SEVERAL MATERIAL/COATING
SYSTEM CANDIDATES: THIS ACTIVITY WILL CONTINUE INTC THE THIRD AND FOURTH QUARTERS OF 1970.

AT THIS TIME, THE SCREENING TESTS HAVE BEEN SUFFICIENTLY ENCOURAGING TO INITIATE TWO MAJOR
CONTRACTED EFFORTS: ONE, A TWO-CONTRACT DEVELOPMENT PRUGRAM WHICH IS AIMED AT DEMONSTRATING,
THRIUGH TESTS OF COMPLETE THERMAL PROTECTION SYSTEMS, THE PRACTICAL FEASIBILITY OF BUILDING
REUSALLE THERMAL PROTECTION SYSTEM USING MATERIALS WHICH CAN BE MADE NOW, THE SECOND MAJOR
EFFORT IS AIMED AT IMPROVING THE BASIC MATERIAL AND COATING AND ITS APPLICATION TECHNIQUES,
AND IN APPROACHING THE HIGHER TEMPERATURE REGIMES ABOVE 3000°F. AFTER THESE TWO EFFORTS ARE
COMPLETED, FURTHER STUDY AND DESIGN EFFORTS SHOULD RESULT IN FLIGHT PROTOTYPE PANELS FOR TYPE

QUALIFICATION,

PRESENT ACTIVITY FUTURE ACTIVITY
SCREEN MATERIALS
BUILD PROTOTYPE PANEL § ~——s- BUILD "APPLIED" ——— TESTEVALUATE
TESTRVALUATE SYSTEM
MATERIALIDESIGN IMPROVEMENT/ -
a a
DEMONSTRATION FLIGHT-LEVEL PROTOTYPE
FEASIBILITY HARDWARE
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CARBON-CARBON DEVELOPMENT APPROACH

THE DEVELOPMENT APPROACH TO THE CARBON SYSTEM ORIENTED INITIALLY TOWARD MATERIALS DEVELOPMENT,
EXTENSIVE PROPERTY DETERMINATION, AND DESIGN STUDIES. THIS IS NECESSARY PARTLY BECAUSE TEMPER-
ATURE STABILITY ABOVE 3000°F IS REQUIRED FOR MANY POTENTIAL APPLICATIONS, AND BECAUSE DESIGN
AND FABRICATION ARE MORE COMPLEX. THIS EFFORT WILL BE THROUGH TWO PARALLEL CONTRACTS, AND
WILL RESULT IN A “PAPER" DEMONSTRATION OF FEASIBILITY BY EARLY 1971, THESE CONTRACTS WILL BE
FOLLOWED BY A SINGLE CONTRACT WHICH WILL RESULT IN FLIGHT-TYPE HARDWARE PROTOTYPES FOR TESTING.

PRESENT ACTIVITY FUTURE ACTIVITY
DEVELOP MATERIALS
DETERMINE PROPERTIES > ————— BUILD PROTOTYPE
DEVELOP DESIGN
TESTIEVALUATE
A a
"PAPER" PROTOTYPE
FEASIBILITY HARDWARE
DEMONSTRATION
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CONTRACT PROGRAM SUMMARY

RESPONSIBLE
CENTER
SURFACE INSULATION SYSTEMS

SCREENING - 6 - 15K CONTRACTS: LMSC, MDAC, MSC
UCC, GE, AVCO, WHITTAKER

SYSTEM DEVELOPMENT - 2 CONTRACTS FOLLOWED MsC
IN FY 71 BY ONE FOLLOW-ON UNSELECTED

MATERIALS DEVELOPMENT - ONE CONTRACT, LaRC
UNSELECTED

CARBON-CARBON SYSTEMS
SCREENING - 6 - 15K CONTRACTS: MDAC, LTV, MsC
UCC, GE, HITCO, AVCO
_ DEVELOPMENT - 2 CONTRACTS FOLLOWED IN FY 71 MSC
BY ONE FOLLOW-ON UNSELECTED

NOTE: OPTION HELD OPEN FOR FOLLOWING OTHER MSC, LaRC
PROMISING APPROACHES AT A LOWER LEVEL
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LOW~-COST ABLATIVE HEAT SHIELDS

R, T. Swamn

NASA Langley Research Center

The objectives and content of the ablative heat shield technology program are outlined on the first
figure. While some attention is directed to thermal performance, the program emphasizes cost and replace—
ment aspects of the problem. Manufacturing, quality assurance, and panel replacement costs and procedures

are being studied for particuler high heating rate areas such as leading edges as well as for brosader

Hempton, Virginia

INTRODUCTION

vehicle areas wherc other technology may not develop as 'rapidly as expected.

OBJECTIVE:  TO DEVELOP RELIABLE, LIGHTWEIGHT, LOW-COST ABLATORS AS

PRIMARY OR BACK-UP SPACE SHUTTLE TPS

MSC Design,

Fabricate, and Test Ablative Leading Edge

IRC Select Ablative Heat Shield Panel Configuration

Identify and Characterize Nominal Space Shuttie Ablator

Develop and Verify Analysis of Space Shuttie Ablator
Reduce Ablative Heat Shield Costs

Manufacturing
Quality Asjurance
Panel Roplmmmt
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REPLACEABLE HEAT SHIELD PANEL CONFIGURATION

The heat shield panel configuration under consideration,which is shown in the figure,has high reliability
ﬁ and is easily replaced. The panels are construeted by first bonding a honeycomb matrix to a back-up sheet,
1

H then filling the honeycomb with an ablation material and curing. Positive attachment to the structure and

ey e 4

easy panel reéplecement ave obtained by mechanical fastening through holes in the ablator. These holes are

then filled with a plvg of ablation material. So far as thermal performance is concerned, this gpproach is

similar to that used on Gemini and Apollo. However, the ablation material itself will probably be elastomeric

based composition having a density of about 15 lbs/sq. ft. It should be noted that a continuous external

TSR "y OO,
S R

structural skin is presupposed. If such a skin is not provided as part of the structural design, then it
must be included as part of the heat shield system.

]
|,
. //l
/¢
Ve
,////
\w ,/// /’
g
, /
oS f I
A
7 / 7
1 A
/) ' //l { ’
S
‘ R ' 7
s , ,,
/ ~ ’ I/ >
J/
T /L’
’ 196 <3 / ’




i a3Eom szt s
= PSSR T
D TN T

S
-~

Soa

{, EFFECTIVE DENSITY AND COMPOSITION ON EFFECTIVENESS n,’
'f i
\ The effects of density and composition on the ablative effectiveness of phenolic nylon ablator are '{[
A .
\i shown on the figure. In general, the effectiveness varies by about +1O percent from the average value at i
1
J a given density and also varies slowly with the density itself. This relative insensitivity of performance
to composition and density combined with the high inherent relisbility of the panel configuration under
consideration provides the basis for our belief that ablative heat shield costs can be substantially reduced.
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by LOW-COS'T MANUFACURING APPROACHES N

PP

Five contractors are studying ablator manufacturing costs. Each contractor will build several 2'xh!

g panels znd based on this actual fabrication experience, he will then estimate the cost of heat shields in

D T

. ﬁ;,' varying quantities. The various contractors are trying several different approaches to reduce fabrication '@
: [
costs. Several of these ideas are shown on the figure. One contractor is using porous face-sheet bonded L;

to the honeycomb to aid in £illing the cells with asblation materials, Another is investigating the cost jf

of molding to finished shape with hard tooling to eliminate machining and provide good quality sssurance. ;}

An interesting approach to the manufacture of curved panels is to attach the honeycomb to a flat face shee ‘3

and fill with ablator. Then place this assembly on a second ply, place the panel on a curved mold, and hold u§

-

to contour with a vacuwn bag during curing. Another approach which is being studied in house is the use of §

¥

dielectric heating to reduce curing time. ‘}
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IDENTIFY CRLTICAL DEFECTS IN ABLATIVE HEAT SHIELD:

I view of the inherent reliability of the panel configuration as well as the relative insensitivity of

performance to density and composition, quality assurance is perhaps the most promising area for cost

reduction. Our program to identify which defects are actnally criticsl is outlined in the figure. Defects

will be identified and characterized and their effect on performanc on the entry environment £nd other
environments will. be examined. Based on these experimental results, methods for certifying that ablative

heat shield panels are free of critical defects will he developed. Then the impact of allowable defects on

heat shield fabrication costs will be determired.

OBJECTIVE:  TO DEFINE THE INFLUENCE OF DEFECTS ON ABLATIVE HEAT SHIELD
PERFORMANCE AND COST

APPROACH:
TASK §.-  Characterize and ldentify Defects

Identify potential defects
Establish performance requirements for space shuttie
Establish inspection techniques

TASK 1. - Develop Plans for Following Tasks
TASK §il.- Determine Defects Critical in Entry Environmant

Determine effect of material and processing defects on performance
Determine which defects are critical in entry

TASK V.- Determine Defects Critical in Non-entry Environments

TASK V, - Divslop Methods for Certifying Ablative Hest Shisid Panels
TASK VA, - Determine Effects of Aliowsbie Defects on Heat Shield Fabrication Costs
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: ; SUMMARY OF CONTRACT EFFORT
?' The contract effort on a low-cost ablative heat shield for FY 70 and 71 is outlined in the figure.
In FY 71 work on the first three items will be primarily a follow-on to work initiated in FY 70. Two new
y starts are visualized in FY 71. Once = nominal space shuttle ablative material has been defined, then it
; will be exercised over the range of environments encountered by the svace shuttle, wherever facilities are
:« available. The other major new activity is the development of ar approdch suitable for limited high

.
.
&

heating rate areas such as the leading edge.

FY
0 7
DEVELOP LOW COST ABLATIVE HEAT SHIELD X X
FABRICATION TECHNIQUES (LRC)
IDENTIFY THERMAL PROTECTION SYSTEM X X
REFURBISHMENT COSTS AND PROCEDURES (LRC)
IDENTIFY CRITICAL DEFECTS IN ABLATIVE HEAT . X
SHIELDS (LRC)
CONDUCT ABLATIVE TESTS IN SPACE SHUTTLE X
ENVIRONMENTS (LRC)
VALIDATE ABLATION ANALYSIS (LRC) X
DESIGN, FABRICATE, AND TEST ABLATIVE LEADING X
EDGE (MSC)
~ .
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TEMPERATURE CONTROL: FOR THE SPACE SHU‘J.']!LEN 7 O - 4 2 9 9 2

W. E. Neuenschwander
North American Rockwell Corporation
Dowmey, California

ABSTRACT '

The influence of the thermal control system on the design requirements and
operational capability of the Space Shuttle Orbiter are discussed in terms

of the thermal environments experienced during the pad-hold, launch, on-orbit,
entry, post-landing, and ferry phases of a shuttle mission. Potential tempera-
ture excursions are compared to temperature allowables of various equipment
and the effect of some candidate temperature control concepts on vehicle
weights/design requirements are illustrated. Candidate thermal control
techniques are discussed and an evaluation/design approach for selecting

the optimum thermal control system - an integrated thermal management system -
is described.

Introduction

The Space Shuttle will experience extreme temperature environments -
both hot and cold. Equipment located throughout the spacecraft as well as the structure
must be maintained within allowable temperature limits, There are many techniques
available, passive and active, by which this temperature control can be provided.
For this spacecraft, a variety of techniques or temperature control elements are
required to provide over-all acceptable thermal enviromments for equipment at the
component and subsystem level., The combination of temperature control techniques
and elements constitutes a temperature (thermal) control system (TCS) which is

important' by virtue of its influence on the weight and operational capability of the
spacecraft, :

1

Vot

RN

NI | R

-

LRI NG SR PO

s et ot e e P

oot
i




14

B L VY

ey

Mission Environment

A wide range of environments are experienced by the Space Shuttle in the various
mission phases. All of these phases are important to the Thermal Control System (TCS)
design. For example, the minimum temperatures near the main propulsion tanks occur
during fueled-up pad hold and launch phases. The high temperature environment occurs
during entry and after landing,

Although any one (or more) of the mission phases may cause the maximum/minimum
temperatures for a particular subsystem component, the on-orbit phase represents a
particularly complex design condition., Both hot and cold conditions can be reached during
the phase; however, neither a highly transient environment (amenable to passive control)
nor GSE are available during this phase. The long duration of the on-orbit phase will
involve increased consumables (for active heating or cooling) or operational constraints
(vehicle orientation), The space station interface or docking constraints may also
impact the TCS design, Although all phases are important to TCS design, the on-orbit
phase may very well have the strongest impact on Space Shuttle design and operation.

The various mission phases affect TCS design both directly (through environmontal
extremes) and indirectly. An important example of this indirect impact is the effect of
orbital conditions on TPS requirements during entry. The TCS design affects orbital
temperatures, and hence, the temperatures at the beginning of entry, These temperatures
have a major influence on the weight of insulation required for entry, which in turn,
affects the orbiter payload capability.

HOT & COLD
DAYS

A~ t| ON-ORBIT Ll A !

 LONG DURATION

~ ORIENTATION

B TRANSIENT OR STEADY HOT

MINUTES

= TCC AVAILABLE

L EOSS DOCKING
HIGHLY TRANSIENT HOURS

LAUNCH

HIGHLY TRANSIENT «

LONG DURATION MAXIMUM HEATING

ALL WEATHER
HOT
MINUTES
PAD_HOLD CHECKOUT POST-LANDING
GSE AVAILABLE HANDLING GSE AVAILABLE

HANDLING
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On-Orbit Temperatures and Temperature Allowables

During orbital operations, temperatures at any given location on a Space Shuttle
can be either hot or cold. In order to effectively limit these extremes to acceptable
values, the TCS design must include certain basic design considerations, These
considerations include vehicle orientation to the sun, orbit inclination, and surface

optical properties,

High temperatures can bs reduced by a thermal control coating (TCC) with low solar
absorptivity and high infrared emissivity, The TCC can thus reduce insulation and
active cooling requirements., However, a TCC is not effective in raising the minimum
temperatures, These minimum temperatures can be controlled by vehicle orientation,
Orientation can also improve (lower) the maximum temperatures, Vehicle orientation
control may represent an operational constraint in some cases, In those cases, mission
requirements and operational flexibility must be weighted against alternate TCS techniques,

such as active heating or cooling.

Iimitations on potential orbital temperature extremes are required by equipment and
asubsystems which will not function at those extremes. Only a small fraction of the Space
Shuttle volume will be environmentally controlled (ECS), For those components located
outside HCS areas, temperature control must be provided through passive and/or active

techniques,

ON-ORB IT AVERAGE SURFACE TEMPERATURES
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SIGNAL CONDITIONERS =65 | o0/ s
HYDRAULIC FLUID_ 5/-20 | 250450 (50 70
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Effect of TCS on Heat Shield Design

Maximumm temperature conditions affect active cooling and/or insulation requiremerts
of components located throughout the vehicle, Perhaps the most significant effect of
maximum orbital temperature conditions is reflected in the heat shield design. The heat
shield insulation weight required for entry increases substantially as the initial (pre-
entry) temperature increases, Further, the applicability of certain materials is
dependent on pre-~entry temperatures, For example, if the cryogenic tank foam insulation
is limited to a maximum temperature of 200°F, heat shield insulation weights become
prohibitively high as the initial temperature increases from very moderate levels.

The maximum orbital temperature, and hence the reentry system weight, can be controlled
by thermal control coatings (TCC) or vehicle orientation. The use of TCC's implies some
refurbishment. It is doubtful that the current TCC candidates could survive the entry
envirorment without having their optical properties affected. This potential refurbishment
requirement would conflict with one of the shuttle design goals - minimum maintenance amd
refurbishment .

Rolling the vehicle can be quite effective in reducing temperature extremes, This
reduces the consumables needed for active cooling or heating., However, consumables
required for the attitude control system may increase. Also, roll hold for docking and
pre-entry attitude would limit the potential reduction in temperature extremes provided
by the roll mode technique.

HEAT SHIELD INSULATION  pMaxiMUM

MAXIMUM INITIAL WEIGHT

TEMPERATURE SUBSTRUCTURE
) (LBS/FTZ) TEMPERATURE =
A 200°F
300
2 |- 350°F
200 /
10,000 BTU/FT
0 | 1 |
100 mmmwm o 100 2 W
LOWER LIMIT
2 200
0 1 ] , 2
(] 5 10 1000 BTU/F
ROLL RATE (RPO) ‘ 350°F
*CONDITIONS: ) N
() af/ =1.0;¢=0.8 0 100 200 300
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Component Requirements

Equipment and components requiring thermal control will be located throughout the

, space shuttle, including both the fuselage and wings., Because much of the equipment will
) be remotely located, the relatively small ECS areas will not be available to protect this
! equipment. Many of the components will require heat addition and/or rejection to maintain
tempsratures and operational reliability at acceptable levels., Although passive thermal
control techniques may protect some of the equipment, it is probable that active methods
will also be required., For long duration missions, the use of active cooling and heating
systems will be reflected in increased consumables to provide power,

Because of the large numbsr of components needing thermal control, the consumables
required for active thermal systems may represent major design considerations. As an
example, consider one component, the elevon actuator. In a cold environment, 8 elevon
actuators will require heater power totaling 100's of watts, When the numerous other
components requiring power for thermal control are considered, the total TCS power
requirements may amount to several kilowatts,

Component thermal protection may present significant design challenges in several
areas, One area involves equipment located in the wings. Placement of long lines (whether
electrical, hydraulic, etc.) through the wings may require clever thermal design to avoid
a TCS which is heavy and inefficient.

Protection of components from the different mission environments encountered
by the space shuttle is also a major problem area. The conflicting requirements for these
environments are typified by the preference for a high X/¢ surface to minimize heater
power requirements as opposed to the lowX /€ surface favored by heat shield design. These
parameters, and others, are influenced by and affect the TCS definition, These parameters
must be thoroughly evaluated in concept trade studies,

ESTIMATED POWER REQUIREMENTS
(WATTS)

( ale
s
LOCAL INSULATION 0.5 | L0
HYDRAULIC ELEVON ACTUATORS NONE 50 | 400
-20°F MINIMUM % , -
300/450 MAX IMUM ‘ ' 0,5 IN, CRYOFOAM 40 | 300
8 ACTUATOR UNITS TOTAL 0.5 IN. DYNAFLEX w0 | 31
0.5 IN, TG15000 300 | 200
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TCS Design Approach

An integrated TCS design approach is vital to the development of an effective space
shuttle TCS. The TCS design is characterized by multiple interactions and frequently
conflicting requirements between the various systems, subsystems and mission character-
istics. The T(S design that will best satisfy the design objectives of the space
shuttle must be developed with cognizance of the impact of mission and subsystem design
eriteria. Available thermal control equipment (e.g., louvers, heat pipes, thermal
coatings, thermal switches, electrical heaters, cold plates, etc.) must be considered
and evaluated as to applicability, reliability, relative efficiency, maintenance,
and cost. Thermal coupling and decoupling of the subsystem components is a part of
the TCS concept evaluations, In essence, these design and concept evaluations
which include consideration of all mission environments constitute the elements of
a trade study which must be conducted to identify TCS design problems, applicable
solutions, and design sensitivities, These irade study results will provide the basis
for establishing design criteria and defining a TCS concept.

This design and concept evaluation involves analyses employing three-dimensional
nodal network models of the spacecraft. These models are necessarily configuration
and arrangement dependent; unfortunately thezs spacecraft characteristics may change
as the design is developed, However, significant conclusions regarding concept
applications, design sensitivities, and operational trade-offs should be valid for
reasonable variations in configuration, The value of early definition of these trade
data is evidenced by the impact of the TCS on design, operational capability, and
spacecraft weight,

TERMINAL COUPLING
. & EQUIPMENT LOCATION
SUBSYSTEM
CRITERIA
COMPONENT COMPARTMENT
— LEVEL TCS LEVEL TCS
SUBSYSTEM X X X X X X X X X X
CONCEPTS
VEHICLE
s LEVEL
1CS
MISSION L 5 ENVIRONMENTS
REQUIREMENTS l X
T HEAY SHIELD -
SYSTEM STRUCTURE
DESIGN
SENSITIVITIES & PROPULSION
TANKAGE
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Thermal Contrcl System Definition - Requirements

To provide an effective and efficient thermal control system for the space shutile,
an integrated thermal management system is required. Thermal management requires a
major TCS study to provide a basis for decision making, This TCS study ehould include
extensive analyses on all scales, ranging from detailed component evaluation to 3-D net-
works, These networks may include major areas (e.g.,, a wing) or the entire vehicle.
Design sensitivity and trade-off study are also a necessary part of the TCS study,

As a part of the TCS atudy, an evaluation of design criteria and mission requirements
is also requirad. These "groundrules" can have a major impact on the TCS; therefore, they
should be continually reviewed with regard to their impact on the TCS and vehicle design
and operational requirements,

There are several thermal control techniques and tools which have been used on
previous spacecraft, and may prove useful on the space shuttle, However, some characteristics
of shuttle operation and requirements are unique {e.g., 100 mission life, minimum refur-
bishment, and the wide range of environments), Therefore, it is expected that these
techniques (such as louvers, heat pipes, thermal control coatings, and thermal switches) will
require additional development work to be compatible with shuttle requirements.,

As a prerequisite to the TCS study, decisions and definitions regarding property
and degradation data are required. Although material property data is generally available
for "new" materials, additional data are required to determine the effect of a 100-mission
vehicle life on these properties., These data will affect both the choice of materials
and the design limits usde for those materials. Definition is required for parameters
such as internal pressures during the on-orbit and entry phases (this pressure affects the
insulation conductivity, and hence the weight of the required insulation). Also needed are
definitions of what constitutes acceptable performance degradation.

Conclusions

Temperature control of the many Space Shuttle subsyatems can be effected by prasently
available techniques. The applications and combinations of these techniques will, however,
have a substantial influence on the design, mission capability, and operational requirements
of the Space Shuttle, It is necessary that these influences be as non-restrictive as is
technically possible within the framework of the Space Shuttle requirements and technology
capability —~ this can be accomplished by thermal control management.

207,




+

S IS Lt

el e

L ahet

A
AL A s
ST P e i

L
RIS

A
Ak

T R

T

-
B

RSN

P

L i MR

&

T S

PRECEDING PAGE BLANK NOT FILMEL

N70-42593

THERMAL PROTECTION SYSTEM REFURBISHMENT COST STUDY

R. W. Goldin and R, J, Peterson
Lockheed Missiles and Space Company
Sunnyvale, California

STUDY OBJECTIVES AND PHASES

The purpose of the Thermal Protection System Refurbishment Cost Study is 'to identify the costs
associated with inspection, repair, and replacement of components, and to develop efficient tech-
niques for performing these operations." This is accomplished in a two-phase program: Phase I

includes definition of problem areas and study/test plans to aid in their solution, and Phase II imple-

ments the study/test plans,

Prime objectives for the Phase I effort are described in the chart. While refurbishment cost data
are of great significance and interest to the space~shuttle program, in this study there is equal
emphasis on identifying the degree of cost uncertainty of major elements of TPS maintenance
operations. With priority uncertainty areas determined, study and/or test plans are to be formu-
lated to reduce these maintenance cost uncertainties., Heat shields, and associated hardware, for
use in these tests are to be designed to be compatible with a full-scale mockup at Langley Research

Center.

A major portion of the study described in this paper was initiated as a company-sponsored activity
in January 1970, The present program consists of a Langley Research Center-sponsored effort
under contract No. NAS 1~10094 initiated on 16 June 1970. Most of the data, observations, and
results presented herein reflect the earlier contractor-supported activity. The methodology,
study approach, and schedule shown in the paper are descriptive of the on~going Langley~
sponsored effort.

1 PERFORM TPS REFURBISHMENT COST ANALYSIS, DESIGN TEST-PANELS AND DEFINE
ALTERNATE TEST-PROGRAM STUDY PLANS

I FABRICATE TEST-PANELS IN CONJUNCTION WITH MOCKUP PROGRA!*
PERFORM TEST/STUDY TASKS

© CHARMCTERIZE TYPIGAL TPS CANDIDATE SUBSYSTEMS, COMPONENTS,
ATTACHMENTS AND ADJACENT PRIMARY STRUCTURAL VARIATIONS

@ DEFINE REFURBISHMENT OPERATIONAL COSTS AND COST UNCERTAINTY AREAS,
AND DETERMINE PRIORITY FOR FURTHER STUDY / TEST WORK USING FULL -
SCALE PANELS -

© DESIGN HEAT-SHIELD PANELS COMPATIBLE WITH FULL-SCALE LRG DEVELOPMENT-
TEST MOCKUP, FOR FURTHER STUDY / TEST WORK
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STUDY METHODOLOGY

The Phase I study is divided into 6 tasks. Tasks 1 and 2 identify primary structural components and heat
shield attachment techniques, as determined from on~-going studies, applicable literature, and space-shuttle
preliminary design documentation. In these tasks, various TPS design candidates are considered in relation
to the possible primary structure and attachment configurations. Configuration definition is accomplished
utilizing design efforts on other on-going space-shuttie studies to provide a basis for refurbishment cost
analyses,

Task 3 includes the detailed operational cost estimating of the candjdate matrix. Refurbishment frequencies
are estimated for each TPS subsystem area, together with estimated uncertainty ranges for these, The
various operational functi: ..5 are analyzed, and cost and cost-uncertainty factors are determined,

Task 4 utilizes the cost magnitude and uncertainty ranges to identify most promising TPS candidates and the
development problem areas, The cost magnitudes, combined with the uncertainty ranges shown, allow for
quantitative alignment of priorities for further study and tests.

In Task 5, TPS candidates are selected for study and test in conjunction with a full-scale mockup at Langley.
Study and test plans are formulated and test article designs are completed. A proposal for the Phase Ii
program is then assembled.

PS SUBSYSTEM
_MATRIX
LMSC RELATED MATERIAL/TEMP DOCUMENTATION
EXPERIENCES :ATTACNMéNTS REVEW
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* SRT STUDIES o FLIGHT PROFILE
.
i 2
EVALUATION
MDMTIONS ‘.msmmp mm
. FUNCTIONS OPERATION COST-UNCERTAINTY:| | MISSION ENVIRONMENT  [TASK
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The Phase I program is completed in ¢ight months, with
the approval draft of the final report submitted at the end
of the sixth month, Study go-ahead occurred on 16 June;
cach of the tasks and jts related prime activities is

PHASE 1 STUDY SCHEDULE

scheduled as shown on the chart.

A midterm report is to be submitted in the fourth month

of the Phase I program.

TASKS *

MONTHS FROM GO-AHEAD

1 2 3

4

1-PRIMARY STRUCTURAL COMPONENTS

DENTIFICATION

WM@ $/n/70

2-HEAT-SHIELD ATTACHMENT METHODS

1DENTIFICATION.

3- OPERATIONAL COST ESTIMATION
© TPS CANDIDATE MATRIX
® DETERMINE COST FREQUENCY

AND UNCERTAINTY VALVES

® ANALYSIS OF TPS CANDIDATES. :

4-TECHNICAL PROBLEM IDENTIFICATION
© TPS CANDIDATE EVALUATION
© TEST PRIORITY DETERMINATION
& FEASIBILITY QUESTIONS
5-PANEL DESIGN ¢ TEST PLANNING
¢ TPS CANDIDATE SELECTION,
® TPS HEAT SHIELD DESIGN
© HARDWARE DESIGN

© TEST PLAN

i - J

l

REPORTS

#NASA/LgRC CONTRACT NO. NAS1-10094
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TPS CONFIGURATION CONSIDERATIONS

The matrix of configuration variation influence is described 'n the chart,
Vehicle system mission and configuration factors exert an cverall effect
on the TPS, introducing changes in shape, gross areas of TPS subsystem
types, and TPS weight. Variations in vehicle detail desigr. introduce
different primary structure arrangements to which the hent shields are

attached,

The heat shield configuration alternatives include variations in the basic
techniques for copiug with the severe environments encountered. At least
four primary types are considered; these include two reradiative-type
systems, one ablative, and one actively cooled. Subsyatem location influ-
ences both the design of heat shields and their attachraent details. With
most of the design variations, several alternative mutalliv and/or non-
metallic material candidates cre being considered.

HEAT SHIELD CONFIGURATION

| VARIATIONS |
TYPE HEAT SHIELD: METALLIC RADIATIVE

VEHICLE SYSTZM
VARIATIONS
CONFIGURATIONS :  DELTA-BODY
STRAIGHT-WING
DELTA-WING
CROSS RANGE 200 NM HT. SHIELD
REQUIREMENT: 1500 NM LOCATION:

NONMETALLIC RADIATWVE
ABLATIVE

ACTIVELY COOLED
NOSE CAP

LEADING EDGE
UNDERSIDE

TOPSIDE

BASE SHIELD
DIFFERENT METALS
DIFFERENT NONMETALS
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TYPICAL HEAT SHIELD SUBSYSTEMS

The chart illustrates alternate heat shield types in
representative locations on a typical orbital vehicle

 configuration. Several different priinary structure

arrangements are shown. The TPS is then charac-
terized further by the different thermal-exposure
regimes, and the associated variations in insulation,
etc., to provide the required level of protection to
the primary structure.
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TYPICAL TPS AREA/WEIGHT DISTRIBUTIONS

, Summary weights and areas are shown for two candidate TPSs for a

A specific-mission orbiter configuration. The primary TPS subsystems
; are identified for each of these, with some of them appearing for both
i candidates.

The two candidates shown are carried in this paper as examples of the
study methodology being employed. Also, they provide a basis for

preliminary results and observations with regard to refurbishment ]
costs of metallic versus nonmetallic TPS candidates. - b

i
DELTA BODY- METALLIC | DELTA BODY-NONMETALLIC |
TPS TYPE (MAT'L/ TEMP) AREA |WEGHT | PSF | AREA |WEIGHT| PSF l
: (FT) | (18) (FT2) | (LB) i
020 . | _TANTALUM (2500°-3000°). _70_-L__989_%14.10___70__986__14.20 ’ '
030 | COLUMBIUM (2000~2500*) | 4576_| 18454 | 404 - | - - i
060__| HAYNES 188 (1600-2000*)__] 2132 | 9592 | 450 ) - - - 5
070__| _RENE' 41 (1000°-1600°) 1845._| 5973 323 - | - - it
041 __| LI-1500(2000%-2500°)__  } - _ | =~ | -_ | 5431_j18387_] 3.40 ’;\
042_| LI-1500 (1600°-20007)_. | - 1 =~ | - 1 1277 | 4267 | 3.35 %g;;;
043_ _L1-1500 (1000°-1600°). - - -} 1845 | 6027_| 3.21- §
080_| TITANIUM (UNDER 1000%_.__| 6078_| 4642 | 0.76| €078_| 4642 | 0.76 i
044 _| LI-1500 BASE SHIELD_. | 1610._| 2816 | 1.75.] 1610_]| 2816_] 1.75 :
101__| DYNA-FLEX FLAP SHIELD. | 1100_| 632.{ 057} 1100_| e32_| o.57 Ly
TOTAL |t 4098 | 2.48 [ vrani_[a7750 | 247 i
: !
SR (3
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TPS TRADE STUDY COST ELEMENTS

The primary cost matrix utilized is as defined in the Space Shuttle Phase B statement of
work. This requires that costs be gathered in three contract/phase packages, one con-
sisting of nonrecurring DDT&E, and the remaining two of recurring production and oper-
ations costs. In gathering cost data in a bottom-up costing approach, it is then necessary
to identify applicable functional activities and obtain estimates from responsible organiza~
tions for their assigned tasks. Nine such functional groups are utilized in the TPS costing

activities.

Costs must also be categorized in subsystem groupings. There is overlapping utilization
of subsystems from one TPS candidate to another, and relating cost-level to the alternate
subsystem candidate is essential in making TPS selections and study/test effort priority

assignments.

Each functional area then provides further detail costing breakdown as required in its
activity area for assembling useful cost versus uncertainty-area data.

PRIMARY COST MATRIX]~ PER SPACE SHUTTLE PHASE B SOW
TIME PHASES (3)
@NONRECURRING COSTS (DDT&E)
ORECURRING COSTS - PRODUCTION
ORECURRING COSTS - OPERATIONS
FUNCTIONAL ACTIVITIES (9)
@6 ENGINEERING ACTIVITIES : @ DESIGN ®LOADS¢ CRITERIA
(DESIGN / ANALYSIS/TESTS/ ®MATERIALS @STRUCTURAL
LIAISON) oTHERMAL  ®MASS PROPERTIES
@ MANUFACTURING
®QUALITY ASSURRANCE
®OPERATIONS
SUBSYSTEMS (APPROXIMATELY 6 TO 12)
ONOSE CAP @ UPPER SURFACES (2 OR 3 TYPES)
OLEADING EDGES (2 OR3 TYPES) @BASE SHIELD
OUNDERSURFACES (4TO6 TYPES) -

AS REQUIRED IN EACH FUNCTIONAL AREA
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MAINTENANCE COST DETERMINATION

Operational tradeoff and pricing exercises require the delineation of maintenance rates, maintenance options,
and operational functions.

Engineering and quality assurance perform mission environmental studies to identify and establish the main-
tenance rates for natural, human, and induced hazards., Maintenance rates are the integrated effect of all
hazards experienced ":y t: @ TPS system during a mission profile, For a given TPS system, the rates are
recorded on End Item Sumn.ary (EIS) sheets.

Quality assurance makes use of the maintenance rate information to establish inspection requirements and
maintenance options, Here, inspection concepts are projected and the ground rules for material, spares,
and labor expenditures by operations are defined.

Operations will perform various maintenance functions in accordance with the findings of inspection, which
will be to "repair in place, " "refurbish, " or "replace." The cost of this effort will be contingent on the
maintenance rate. Results from maintenance and inspection are recorded on the Operations EIS sheet.

NASA cost ground rules are used to present cost data for tradeoff and pricing activities, This allows
for rational allocation of cost to organizational function, acquisition phases, and hardware-related TPS

subsystems,

MISSION MAINTENANCE OPERATIONS
ENVIRONMENT OPTIONS ENVIRONMENT
I I i
MAINTENANCE OPERATIONAL
HAZARDS RATES QUALITY 00 MAINTENANCE

— ASSURANCE ® TOOLING
® NATURAL ®REPAIR IN PLACE ® MANPOWER
e HUMAN ® REFURBISH ® FACILITIES
® INDUCED ® REPLACE ®MATERIAL
QUALITY p‘.ssum\”‘ COST ANALYSIS _
ENGINEERING, ANA' r ASSURANCE

.(COST BREAKDOWNS), | :
SFUNCTIONAL & - .. \

" eDDTE, OPS, PROD: PHASES o
*END ITEM D T S Y
X E15-END ITEW SUMMARY ST R L 3
\ - | 7 = RN
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BASIS FOR COSTING

In order to conduct a costing exercise it is essential that a baseline system be known to the
study team., The collection of system requirements used for Phase B costing is embodied
o in a single document referred to as "Cost Estimating Requirements for Space Shuttle''.
“*‘*' Elements of this document that are directly applicable to the TPS total program are compiled
o in a "TPS Cost Estimating Requirements' document, which meets the more specialized needs
of TPS, Some of the more significant TPS total program items are listed in the table and
represent an agreed-~to baseline.

For TPS maintenance operations, a similar collection of cost-estimating requirements for
the assessment of refurbishment costs is shown.

In general, costs are collected according to NASA cost-collection specifications, while the C Ty

costs themselves are constrained by various criteria or predetermined definitions. Within ' 5}:‘

this framework, cost tradeoffs are conducted for system design optimization purposes. :, 'j'

pT

TPS TOTAL PROGRAM TPS MAINTENANCE OPERATIONS . ﬂi

@ 11 VEHICLES: 2 GTV; 3 FTV; 6 PV © MAINTENANCE ¢ INSPECTION P
FTV NO.2 ¢ NO. 3 REFURBISHED TO PV COSTS BASED ON

TOTAL-PROGRAM PRESUMPTIONS

©® 10 YEAR OPERATIONAL LIFE
. O NO LAUNCH / MISSION-0PS
® 75 FLTS/YR; 2 LAUNCH SITES COSTS PRORATED

® GTV COSTS ASSUMED 2 X PV COSTS N
FTV COSTS ASSUMED 1.5 X Pv costs | @ TPS PRODUCTION ¢ DDTE o

o A il

o ,
o e o e 2 L et

COSTS EXCLUDED -,
@ TOOLING: ;S;JTSDE;’E;‘;S?%L ©® SPARES COSTS EXCLUDED: '
BY NASA DEFINITION INCLUDED » )
® PROGRAM MGT ¢ SYSTEMS IN PRODUCTION COSTS
INTEGRATION DEVELOMENT/OPERATIONS' | o c i1 iiES ¢OSTS EXCLUDED:
COSTS NOT PRORATA - SHARED ‘
BY TPS FOR TRADE-STUDY ASSUMED TO BE IN GENERAL
*} ;o 217

- N




METALLIC TPS MAINTENANCE FREQUENCY

The combined effect of all mission hazards encountered by a TPS system while flying a selected mission
profile will determine the nature and extert of operational refurbishment. Inspection, maintenance, and
logisiic TPS activities (and costs) are essentially a direct function of the operations that must be under-
taken as a result of the hazards experienced,

The matrix of TPS Maintenance Frequencies provides values that indicate the degree to which a selected
TPS subsystem will respond fo a given hazerd., Integrating the spectrum of hazards over the mission
profile provides a maintenance rate. Both frequencies and rates :zre intevpreted as "the number of flights
the TPS subsystem will experience before some inaintenance action is required. "

Both frequerncy and uncertainty are iteratively developed measures derived \'vom existing documentation
and best engineering judgments. They allow estimates of the hreakdown of tl'e projected maintenance
levels; and as the program progresses and uncertainties diminish, they approach the actual true level.

The Metallic TS Maintenance Frequency Matrix Chart shows that the expected number of flights per
panel that will cecur before some maintenance action will be required is 37, and this value can range
from 30 to 87 flights, based on the information presently available, In other work being performed,
the target for development of a reusable heat shield is "minor'' refurbishment with 100 reuses. This
target is presumed to reflect flight-environment~induced refurbs; hence, based on present preliminary
data, the terget is judged to be compatible with the optimistic estimate of maintenarce frequency re~
flected in the uncertainty estimates,

A paralle]l data summary for nonmetallic TPS is shown in a separate chart.

| vemp. ! comemen loomemen couemen wano |ervie-| mus | wane. aere
TPS SUBSYSTEM wommmmwlum ONMENT | TOTAL | (FLTS /PANEL)

CODE / TYPE Meu '“'*;‘. QiU hptl G2V g2V :u,%{’%

.- ] - -
020/ TANTALUM (NOSE) * 22072 - 104233 ' 56320 | 151333 ‘28 0m8 wn; n {{

030/ COLUMBIUM B2 B0 s M0 20 2% w0 2 (B
060/ HAYNES 003 37 N U5 183 e .zmt; « I
070/ RENE 41 e e w9 me w2 meime n (§

3
@
(%

080/ TITANIU:A A M7 3808 W5 20 2509 12609
044/u- |sootmsasuw) 63 0 %m0 ote iamolmuéam’

—_———es ! JR WU

TPS AVERAGE

g ¥ 3 9

NOTES: £+ ONWMWWMWW M!OQO FUGNTS.
Fe SUBSYSTEM COMPOSITE FREQUENCY, DASED ON ROOT- MEAN- SUM (MAM
Us ESTIMATED FREQUENCY UNCWMNW RANGE
! NN?W(ON' DQM'WW. HOO L1 m m umuc TPS
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NONMETALLIC TPS MAINTENANCE FREQUENCY

The combined effect of all mission hazards encountered by a TPS system while flying a selected mission
profile will determine the nature and extent of operational refurbishment. Inspection, maintenance, and
logistic TPS activities (and costs) are essentially a direct function of the operations that must be under-
taken as a result of the hazards experienced,

The matrix of TPS Maintenance Frequencies provides values that indicate the degree to which a selected
TPS Subsystem will respond to a given hazard. Integrating the spectrum of hazards over the mission
profile provides a maintenance rate. Both frequencies and rates are inlerpreted as "the number of flights
the TPS subsystem will experience before some maintenance action is required, "

Both frequency and uncertainty are iteratively developed men.aures derived from existing documentation
and best engineering judgments, They allow estimates of the breakdovm of the projected maintenance
levels; and as the program progresses and uncertainties diminish, they approach the actual levels,

The noametallic TPS Maintenance Frequency Matrix Chart shows that the expected number of flights
per panel that will occur before some maintenance action will be required is 39, and this value can
range from 27 to 81 flights, based on the information presently available. In other work being per-
formed, the target for development of a reusable TPS heat shield is "minor" refurbishment with

100 reuses. This target is presumed to reflect flight-environmeni-induced refurbs; hence, based on
present preliminary data, the target is judged to be compatible with the optimistic estimate of main-
tenance frequency reflected in these uncertainty estimates.

A parallel data summary for Metallic TPS is shown in a separate chart.

1 TEMP |comBINeD ' couamm COMBINED | HAND~ ! ENVIR-| RMS |MAINT RATE
TPS SUBSYSTEM nsxposunmw/ lTml/nwm LING  ONMENT | TOTAL 'mslmu

CODE/ TYPE eV fntu frp*U FREV HutU  fetU.; Fe ::f,}
020/ TANTALUM (NOSE) 22412 104233 56:20 151133 53t33 109433 93433 n{%

O41/L1-1500(2000-25007)  18¢3 79:20 350 1244 360 391 44120 23{4)
042/L1-1500(1600%2000%)  17£3 6820 3040 10¢4 3110 33t 3620 27 {f}
043/L1-1500(1000-1600F)  15t6 57:¢33 2515 8%4 2645 2815 3120 33(%
080/TITANIUM 76 3347 38:8 M6  20t6 26t9. 269 39(H
044/L1-1500(BASESHELD) 17£3 37410 25%10 104 3110 32:n 28th  36{3]
030 COLUMBIVM (FLAP) Mtz 3820 48:1 24120 203 298 3120 32(F
_OTORENE 41 (FLAP) 3612 28t6 30t9 176 18t2 296 2Mi2 91{§f

TPS AVERAGE | | | l 39(8

1 1

NOTE: { =INDIVIDUAL - CONDITION PANEL-MAINTENANCE FREQUENCY PER 1000 FLIGHTS -
F=SUBSYSTEM COMPOSITE FREQUENCY, BASED ON ROOT-MEAN -5UM"* (RMS) AVERAGE
U = ESTIMATED FREQUENCY UNCERTAINTY RANGE
CONFIGURATION * DELTA -BODY,1500NM CROSS RANGE ) L1500 TP$

. 219



FUNCTIONAL COSTS VERSUS PHASES FOR METALLIC TPS

The total system cost for a metallic TPS system is 378 million dollars. Using
NASA costing ground rules the system cost is divided into Nonrecurring DDT&E
(85. 6 million), Recurring Production (45.1 million), and Recurring Operations

(247. 3 million),

The contribution by each of nine functional groups can be summarized under
39.2 million for manufacturing, 227.9 million for o} erations, 77 million for
engineering; and 33. 8 million for quality assurance. Thus, the total system
can be observed as to its major cost drivers in terms of functionally responsibic
program organizations, for each of the three specified contract-phase activities.

A parallel data summary for nonmetallic TPS is shown in a separate chart,

NONRECURRING RECURRING
FUNCTIONS DDTE PRODUCTION | OPERATIONS TOTAL
MANUFACTURING 3 21.9 - 39.2
OPERATIONS — - 227.9 2279
ENGINEERING ~ STRESS 47 22 - 6.9
- WEIGHTS 3.4 0.7 - 4.1
-LOADS 2.0 0.6 - 26
- THERMO 4.1 1.1 - 5.2
~DESIGN 3.6 1.8 — 5.4
~MATERIALS 42.7 10.1 — 52,8
ENGINEERING- TOTAL 60.5 16.5 — 71.0
QA ~-MANUFACTURING 5.6 6.7 - 12,3
~OPERATIONS 2.2 - 19.4 21.6
QA TOTAL 7.8 6.7 19.4 33,9
TOTAL $85.6 $45. $247.9 $5780

NOTES: @ COSTS IN MILLIONS OF DOLLARS
O CONFIGURATION 1S DELTA -BODY, 1500 NM CROSS RANGE , METALLIC TPS
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SUBSYSTEM COSTS VERSUS PHASES FOR METALLIC TPS

For tradeoff purposes, a hardware orientation of system cost is necessary,
Major TPS subsystem cost drivers are then identifiable and the activity
distribution (measured in coats) between contract phases is evident,

Design alternatives intended to improve operational costs will produce
satisfactory changes in production and development costs. Thus, over a
series of design iterations, both system cost and performance are inti-
matoly related and their cost effectiveness measureable. In this manner
a series of system/design points is established for use with selected
MOEs (Measures of Effectiveness) in optimization studies. The TPS/
RCS methodology assures that, while concentrating attention on the
maintenance operations costs, their relationship and effect on TPS
total-program costs are not ignored.

A parallel data summary for nonmetallic TPS is shown in a separate
chart,

221

e

NONRECURRING REGURRING
TOTAL
SUBSYSTEM DDTE PRODUCTION | OPERATIONS
020 TANTALUM 7.4 2.5 8.4 18.3
030 COLUMBIUM ($) 1.7 5.4 58. 1 75.2
030 COLUMBIUM(C) 15,5 10.1 45,8 71.4
060 HAYNES (LEAD EDGE) 5.7 2.3 12.0 20,0
060 HAYNES 6.0 2.6 1.8 20.4
070 RENE ‘41 10.3 4.9 20.4 34.8
080 TITANIUM 16. 1 13.3 66.6 6.0
044 LI-1500 9.0 3.8 24.2 37.0
101. DYNA-FLEX 3.9 1.0 o . 4.9
TOTAL $95.6 $45.1 “$247.3 $378.0
NOTES:  COSTS IN MILLIONS OF DOLLARS TR
. CONFIGURATION IS DELTA-BODY, 1500 NM CROSS RANGE, METALLIC TPS
/. !
.’;{ B
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' FUNCTIONAL COSTS VERSUS PHASES FOR NONMETALLIC TPS

The total system cost for a nonmetaliic TPS system is 301, 6 million dollars.

: Using NASA costing ground rules, the system cost is divided into Nonrecurring
! DDT&E (55.2 million), Recurring Production (28.0 million), and Recurring

‘ Operations (218.5 million).

IR AR The contribution by each of nine functional groups can be summarized under

S 29,6 million for manufacturing, 199, 8 million for operatiors, 46,9 million
for engineering, and 25.3 million for quality assurance. Thus, the total
system can be observed as to its major cost drivers in terms of functionally
responsible program organizations, for each of the three specified contract-
phase activities.

A paraliel data summary for metallic TPS is shown in a separate chart.

NONRECURRING _RECURRING

FUNCTIONS DOTE PRODUCTION OPERATIONS TOTAL
MANUFACTURING 14.0 15.6 - 296
OPERATIONS - - 199.8 199.8
ENGINEERNG —~ STRESS 4.6 2.2 - (¢.8)
= WEIGHTS 34 0.7 - (4.1)

=~ LOADS 20 0.6 - (20’)
= THERMO 4.1 1.1 - (s.2)

= DESIGN 1.1 0.5 - (1.8)
= MAT'LS 2.7 4.9 - (26.6)
ENGINEERING TOTAL 36.9 10,1 - 46.9
QA =~ MANUFACTURNG 2.4 2.3 - (4.4)
OPERATIONS | 22 - 18.7 (20.9)

QA TOTAL 4.3 2.3 0.7 253
TOTAL $ 552 ¢ 280 $2185 3016

NOTES: © COSTS IN MILLIONS OF DOLLARS
© CONFIGURATION 15 DELTA=BODY, 1500 NM CROSS RANGE, LI-1500 TPS
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SUBSYSTEM C(STS VERSUS PHASES FOR NONMETALLIC TPS

For tradeoff purposes, a hardware orientation of system cost is necessary,
Major TPS subsystem cost drivers are then identifiable and the activity
distribution (measured in costs) between contract phases {s evident.

Design alternatives intended to improve operational costs will produce satis-
factory changes in production and development costs, Thus, over a series of
design iterations, both system cost and performance are intimately related
and their cost-effectiveness measureable, In this manner a series of system/
design points is established for use with selected MOEs (*assures of Effec~-
tiveness) in optimization studies, The TPS/RCS methodowc»y « .sures that,
while concentrating attention on the maintenance operations costs, their
relationship and effect on TPS total-program costs are not ignored,

-

A parallel data summary for metallic TPS is shown in a separate chart,

SUBSYSTEM OoTE T roweron ] oS | TOTAL
020 TANTALUM 7.2 2.4 8.4 7.9
041 LI-1500 19.6 8.6 87.0 115, 1
042 LI-1500 4.6 2.0 6.6 23.2
043 LI-1500 6.5 2.9 19.2 28.6
080  TITANIUM 13. 4 10. 1 63.1 86.6
C44 LI-1500 3.9 2.0 24.2 3.2

TOTAL 55.2 28.0 218.5 301.6

NOTES: COSTS IN MILLIONS OF DOLLARS

CONFIGURATION IS DELTA-80DY, 1500 NM CROSS RANGE, LI-1500 TPS
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METALLIC TPS COST UNCERTAINTY SUMMARY

Nominal costs to perform the DDT&E, Production, and Operation phases reflect the depth of informational
detail available to all functional groups. The costs shown are based on a mix of subjective judgment,
' "similar to'' knowledge, and definitive information. The extent to which definition is lacking will appear
X in the magnitude of the unceriainty factor, For conditions existing at the time these data were produced,
the metallic TPS system can cost 4, 16 times nominal or 1,573 million dollars. Technological uncer-
tainty can result in a 1/3.20  -uction in the nominal cost (118 million dollars for a metallic TPS system),

The importance of this information is twofald: (1) it provides perspective which allows the establishment
of priorities for further development activities that will effectively lead to uncertainty reduction and de-
finitive costing, and (2) the data can be directly related to a function, activity, or end item, permitting
critical appraisal of design and system tradeoffs and maintenance of program objectives.

During a Phase B effort when definition is meager, this approach gives order toc normally volatile and
disjointed activities and ultimately produces a consolidated position with known uncertainty,

A parallel data summary for nonmetallic TPS is shown in a separate chart,

COST UNCERTAINTY PROGRAM PHASES TOTAL
FACTORS € COST RANGE DOTSE | PRODUCTION | OPERATIONS
HIGH UNCERTAINTY FACTOR 3.48 2.26 4.73 4.16
{ y 1 i
LOW UNCERTAINTY FACTCR 2.82 1.82 3.93 3.20
HIGHEST TPS COST $299 M $103M | $1,170m | 61,573 M
NOMINAL TPS COST 85 45 247 378
LOWEST TPS COST 30 25 (1) 18
NOTES: © UNCERTAINTY FACTORS ARE SMMATION WALUES
REFLECTING ALL COST-ELEMENT ESTUAATES
@ THE HION ¢ LOW FACTORS ARE MULTIPLIERS TO ESTIMATED
NOMNAL COSYS, TO OFTAIN ESTIMATED HISH ¢ LOW COST
LTS AT TWME OF ESTIMATE -
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NONMETALLIC TPS COST UNCERTAINTY SUMMARY

Nominal costs to perform the DDT&E, Produi:tion, and Operation phases reflect the depth of informational
detail available to all functional groups, The costs shewn are based on a mix of subjective judgment,
"similar to'* knowledge, and definitive information. 7The extent to which definition is lacking will appear
in the magnitude of the uncertainty factor. For condiiic.s existing at the time these data were produced,
the nonmetallic TPS system can cost 4,51 times nomin.i or 1,361 million dollars. Technological un~
certainty can result in a /3,60 reduction in the nominal cost (84 million dollars for a nonmetallic TPS
system).

The importance of this information is twofold: (1) it provides perspective which allows the establishment
of priorities for further development activities that will effectively lead to uncertainty reduction and defini-
tive costing, and (2) the data can be directly related to a function, activity, or end item, permitting critical
appraisal of design and system tradeoffs and maintenance of program objectives.

During a Phase B effort when definition is meager, this approach gives order to normally volatile and dis-
jointed activities and ultimately produces a consolidated position with known uncertainty.

A parallel data summary for metallic TPS is shown in a separate chart.

COST-UNCERTAINTY PROGRAM PHASES TOTAL

FACTORS ¢ COST RANGE | oot ¢ E [ PRODUCTION | OPERATIONS
HIGH UNCERTAINTY FACTOR ‘| 2.77 200 | 5.26 4.51

) 1 1 )] {

LOW UNCERTAINTY FACTOR | 3.97 760 | %09 3.60
HIGI{EST TPS COST $153M | $58M | $i,150m [$1,361 M
NOMINAL TPS COST 55 28 219 302
LOWEST TPS COST 14 17 | s3 84

NOTES: @ UNGERTAINTY FACTORS ARE SUMMATION VALUES
REFLECTING ALL COST-ELEMENT UNCERTAINTY ESTIMATES

® THE HIGH ¢ LOW FACTORS ARE MULTIPLIERS TO ESTIMATED
NOMINAL COSTS TO OBTAIN ESTIMATED HIGH € LOW COST LIMITS..
- AT TIME OF ESTIMATE

© THESE DATA REFLECT A TYPICAL NONMETALUC TPS COST ESTIMATE
FOR A DELTA-BODY ORBITER, 1500 NM CROSS RAN

- - - -



ook METALLIC TPS OPERATIONAL COSTS

A matrix of operational expenditures and uncertainty in shown in the chart. The
values shown are provided by experienced operations and quality assurance person-
uel. Each hourly estimate represents the expected expenditure of resources and
arises from "Time Line" analysis on a selected panel.

The total operations rate is & measure of the contribution made by each operational
task. Operations rate, maintenance rate, vehicle configuration, and maintenance
model combine to give a total recurring cost. In this manner, the interrelationship
between systen, operations, subsystem, and task can be managed and evaluated,
As an example, panel installation and the maintenance tasks are the most costly
operational items, This might indicate that a repair-in-place design approach
would be an attractive vehicle option in the event that resulting development or
production costs were not prohibitive.

All computational steps are not included in the charts. Also, the composite
dollar-uncertainty values are not shown here, hut are available in the backup
data.

A parallel data summary for nonmetallic TPS is shown in a separate chart,

S - PCKAGING | | oL | voma
TPS SUBSYSTEM T | REaovaL INSPECTION AND | STORAGE RECURRWG
CODE/ TYPE INST | RS HANDLING RATE | cost
}; HJuln]JulnJulrJulu[u ] n]ulr v [@&m
020 TANTALUM | 150|25|50] 25|24 | 6 [16 | 4 | 8 | 4 [%0]| 10 [548|63 | 84
os0cowmeiom | 24| 5] 8| 5| 5| 5| 3] 4]3]| 4] 40| 5]83]49 1039
g OGO HAYNES |83 ]| 6 4|1]2]2|2|3%|5]|ef40| 238
' 070 ReNE i815) el1s| 1 |i5| 1] 1]15]1]%| 5|e3fss| 204
osoTmaNUM |18 (18] el sl 1jis] 1| 1|1 ]| 5|53 ]| 66
044 L1-1500 [40] 7| 8] 7|65 1]5[3|4({2] 519je0| 22
TOTALS  [268]33| 84| 31|47 53 | 23|31 |10 |34 |455|8.3 |995]59 |247.9

NOTES: @ M= MANHOURS PER OPERATION
® U UNCERTAINTY FACTOR, MULTIPLIED FOR HIGH VALUE, AND
DIVIDED FOR LOW VALUE
® LABOR RATE, EVC; COST, CALCULATIONS OMITTED FOR BREVITY
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NONMETALLIC TPS OPERATIONAL COSTS

A matrix of operational expeaditures and uncertainty in shown in the chart. The
values shown are provided by experienced operations and quality 3surance per-
sonnel. Each hourly estimate represents the expected expenditure of resources
and arises from "Time Line'" analysis on a selected panel.,

The total operations rate is a measure of the contribution made by each opera~
tional task. Operations rate, maintenance rate, vehicle configuration, and
maintenance model combine to give a total recurring cost, In this manner, the
interrelationship between system, operations, subsystem, and task can be man-
aged and evaluated. As an example, panel installation and the maintenance tasks
are the most costly operational items. This might indicate that a repair-in-place
design approach would be an attractive vehicle option in the event that resulting
development or production costs were not prohibitive.

All computational steps are not included in the chart. Also, the composite
dollar-uncertainty values are not shown here, but are available in the backup

data.

A parallel data summary for metallic TPS is shown in a separate chart.

PACKAGING MANT TOTAL

T’&%“J}%ﬂ“ f.?"sri mu INSPECT. méuus STORAGE :mt m'::: nccu:zns
HJUJRJUJRJUH JU TR]Ju]K]u]Feju | (4m)
B 020 TANTALUM |150{14 | 50 {2526 |6 [16 | 4 |8 |4 |s0|t0fsusfes| aa
Vio 041 LI-1500 |34[1s|2|e|2[s|1e| 5 [3|4f2[25]5]20] &0
P 042 LI-1500 |34|16| W0 |16[2 518 | 5 [3 |4 |2|25]|53|20| w6
; 043 LI-1500 |31|[1e|t0fe|2 5|18 | 5 [3 |4 |2[es]%0|20] 12
,} 080 TITANIUM |18 15[ 6 [15] 1 [15|10 | 1 |1 |1 [2¢|80|%1 |31 e3
044 LI-1500 f4o[ 7|8 |7 [15(5[19 |6 |3 |4 [23[50[90]60| 242
TOTAL 7| 22[ 9 | 25 46 | 54234 | 41 | 21 39 [383)92 Iw 562185

NOTES: H+ MANHOURS PER OPEKATION 4 ‘
" U= UNCERTAINTY FACTOR, MULTIPLIED FOP-HIGH VALUE ,AND DIIDED FOR LOW VALUE
LABOR RATE , ETC., COST CALCULATIONS OMITTED FOR BREVITY
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PRELIMINARY RESULTS AND OBSERVATIONS

The results and observations derived from the metallic and
nonmetallic TPS systems cost analyses are summarized in
the chart.

OTPS REFURBISHMENT COSTS IMPACT ALL 3 PROGRAM SEGMENTS:DDTCE, PRODUCTION, AND OPERATIONS

®FOR OPERATIONS: SEGMENT, TERM “MAINTENANCE COSTS" 15 BETTER THAN "REFURB COSTS";
INCLUDES REPAIR, REFURBISHMENT, AND/OR REPLACEMENT OF TPS PANELS/ELEMENTS

ODEFINITION OF SUBSYSTEM AND FUCTIONAL ACTIVITY COST MAGNITUDE AND COST
UNCERTAINTY RANGE PROVIDES POWERFUL TOOL FOR:
OSUBSYSTEM SELECTION IN TRADE-STUDY ACTIVITIES
ODEFINING AND PRIORITIZING DESIGN/ANALYSIS/TEST DEVELOPMENT ACTIVITIES
ODOLLAR QUANTIFICATION OF TECHNOLOGICAL RISK

OMETALLIC TPS MAINTENANCE COSTS ESTIMATED 13% HIGHER THAN FOR NONMETALLIC TPS

© MAINTENANCE COSTS ESTIMATED 64% AND 72%, RESPECTIVELY, OF METALLIC AND NONMETALLIC
TPS TOTAL-PROGRAM COSTS

O TPS COST UNCERTAINTY HIGHEST IN OPERATIONS PROGRAM SEGMENT; NOMINAL VALUE 1S APPROXIMATELY
$250M WITH EXTREME LIMITS RANGING FROM LESS THAN $100M TO MORE THAN $1,000M
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TEST FACILITIES FOR SPACE SHUTTLE THERMAL, PROTECTION SYSTEM =~ -~
R. R. Howell

NASA Langley Research Center
Hampton, Virginia

INTRODUCTION

Because of the reuse requirement and the weight restraint imposed by the necessity for
an economically efficient shuttle, all competitive concepts for the thermal protection system
must be accurately assessed and their relative overall merit established. This is necessary
to insure that the correct choice of thermal protection system or systems is incorporated into
the sbir.:" > design.

The inteat of this presentation is to review briefly some of the problems associated
with experimentel evaluation of thermel protection systems and with the associated testing

capebility requirement,
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On the first figure, four examples of concepts for the space shuttle thermal protection
are shown.

Metallice — The metallic heat shield in supported on flexible stand offs from an insulatzd
structure. The heat shields are pictured as having overlapping joints with
omegn type seals.

Non Metalliec. — The system is composed of an external insulation such as rigidized ceramic foam
bonded to & metal substrate. The external insulation withstands both the
temperature and aerodynamic forces.

Cooled. = The cooled system shown used water supplied through a manifold to a distribution
panel from which it enters a porous insulation such ag felt metal. The incoming
heat is sbsorbed and blocked by the phase change and the steam transpires to the
surface of the insulation.

Ablator. — The ablator is considered as a back up to the other tnermsl protection systems .
The ablator is bonded to e metal surface which is bolted to the load carrying
structure, The access holes for bolting are closed with plugs of ablative
material which can be removed for refurbishment.

The wajor point to be made from figure 1 is that a number of different approsches to thermal
protection are available which have potential application. There are many varletions in design
for each type shown., Each type and design has its own specific problems and ar:zes of concern and
each has possible failure modes different firom the others. As a consequence, the evaluation
program set up to establish the relative merits of the different systems must be carefully planned
such as to avoid the inadvertent introduction of bias through inadequate or improper testing
techniques. Misleading test data could resuit in the incorrect choice of the systems. Inasmuch
as there is not a great backlog of experience with reusable thermal protection systems; experi-
mental screening is believed necessary to access the relative merits of different designs.

TYPICAL. THERMAL PROTECYION CONCEPTS

POUROUS

A ""-"\"»\PA FR—STRUCTURE
=== INSULATION
SEAL

1

ABLATIVE (REFURSISHASLE)
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In the screen activity, it appears that the interaction of the stream and structure
should not be a primary consideration and that major emphasis should be placed on the
thermal protection efficiency and gross life expectancy. This approach will permit relatively
small specimens to be used. In the overall evaluatiun of the final contenders, however, the
total interaction between the environment and T.P.S. appears necessary.

For screening tests some of the more important simulation requirements are indicated
for some of the more common failure modes. The dots indicate which ones must be equal to
specified values for evaluation of a specific failure mode. You will note certain failure
modes for the TPS are also failure modes for materials but must be included in the screening
process. For example: to evaluate the effects of oxidation on the life of a thermsl
protection system require that the wall temperature and pressure must be flight design values
since these parameters have a pronounced effect on the chemistry., Further, since mass transfer
gradient wmust correspond to a specific value to get the desired simulation of oxygen diffusion.
The value of the ratio depends upon how you achieve the wall tcmperature. Of course accurate
oxidation damage accumulation requires that you simulate the flight heating cycle or the wall
temperature history.

The two important points to be made from this figure are (1) it appears that s many as
five parameters must !e matched simultaneously to specified values to insure a correct
evaluation of a failure mode: and (2) it is observed that the eveluator has some latitude
on how he achieves the simulation: Note that stream enthalpy or convective heat flux do not
appear as importent simulation parameters. Hence, radiant heating can be used to achieve wall
temperatures and may possibly be coupled with a stream to get combined heating and loading
for these screening tests.

SIMULATION REQUIREMENTS

TPS CONCEPT SCREENING
SPECIMEN SIZE ~ 6"x6"x 2"

METALLIC IoXiBATION Te o
CREEP S NN BN MM ]
CYCLIC_FATG ‘;;;
NON oxX & N2
METALLIC m - {
ABLATIVE [SWELLING 1@ 1'® )
OXIDATION [ ) R
Vi ® )
231

— -— —— —_ —_

R

il

™ _;' M oy

VS N




The environmental paramcters that we have to match for simulation are defined by the entry

trajectory of the vehicle. To establish a trajecto.y to be used for study purposes all of the

Phase A ILRV study trajectories for shuttles with moderate cross range capability were conpared
on figure 3, You will note that with the exception of two, the trajectories sypear relatively
The lower bound of the trajectories

independent of configuration and band together very well.
indicated by the heavy solid line was selected as the present study trajectory, Because of its
lower altitude it defines a more difficult set of conditions for simulation than a higher

trajectory would. The trajectory selection, however, does not alter the general test environment

picture that evolves.
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For the selected enbry schedule stagnation heating rate, wall healing rate and stream
unit Reynolds number were computed and are presented on figure (4). If one looks at
stagnation heating and assumes that the vehinle heating follows it the indication is that the
eritical heating will occur at & very high altitude and soon after reentry begins, However,
we £ind that Reynolds number increases as you proceed dovn the entry schedule and that locel
Reynolds number required for transition moves forward on the vehicles such that the pesak
heating for certain parts of the thermasl protection system may be well into the earth's
atmosphere vhere there is substantial aerodynawic loads. Hence, in experimental evaluation we
not only have to be able to test for the peak stagnation heating environment but also be able to

impose turbulent hesting to the TPS at fairly high dynamic pressures.

HEATING AND REYNOLDS NUMBER VARIATION FOR RE-ENTRY
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One method <urrently being consideved for achieviag this combination of turbulent heating
and aerodynamic loading, is indicated on the next figure. Arc heated air jets are being

modified such that they produce two dimensional flow. For the typical screening activity

et e e -

minimize flow requirements, the width of the duct was limited to 2 inches.,
of the example apparatus is 20 gquare inches.

TYPICAL. RECTANGULAR FLOW APPARATUS

VACUUM
CHAMBER

6'%e"

TEST /‘L\zu
Ul

TEST SECTION
NOZZLE

TRANSITION
SECTION

ARC-HEATER

welve assumed a 6% x 6" gpecimen which is felt may be about as small as you can go in

specimen size wi“hout getting edge effects on the thermal gradient through the system, To
accommodate this size specimen you will need some room around it to avoid heating gradients
near the nozzle wall. In the example presented, we have chosen & 10 inch wide duct and, to

Thus the exit area
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On the next figure (figure 6) an indication of the arc heater capability required to
achieve the desired simulation is indicated, The specified conditioas are (1) that the nozzle
exit area 1s 20 square inches as developed on the previous figure; (2) that the unit Reynolds
nunber be 100 to assure reasonable confidence that turbulent heabting can be achieved, and (3)
that a test cycle of the order of 2000 sez. is atbainable since this is about the duration of
the heating pulse for the moderate cross range shuttle,

The curve on the lower left indicates the weight flow of air for totsal enthalpys of 3000
and 2000 Btu/lb. as a function of test Mach number. Nobte thet the product of we sht flow and
enthalpy give an indication of the power in the test stream. For example, at 4 1b/sec. and
2000 Btu/lb. the total power ia the stresm is 8000 Btu/sec. or the equivalent of approximately
8 MI of electricel power. Inasmuch as most arc heaters operate at efficiencies of 50 percent
or less, the electrical. power source required to achieve the simulation is 16 MJ or more. The
curve on the right indicates the total operating pressure in the arc chamber for the same set
of parameters. The dashed line at 1500 psi is approximately the state of the art for arc
heated jets. Generally, for long testing intervels the operating pressure is below 1000 psi.
It appears, therefore, that if this approach to simulation is taken, the test Mach number will
be lov cnd consequently the mass flow and the power rcequirement will bhe high. These source
requirements severely limit the facilities that may be able to contribute to the testiig re—
quirements of certain parts of the shuttle thermal protection screening. It should he noted
that if wedges or deflected surfaces are used to get the loeal flow conditions needed, the total
flow rate and congequently power requirements are somewhat larger than for this approach.
Let!s take a brief look now at the prcblem of overall thermal protection system evaluation.

ARC TUNNEL OPERATING REQMTS
Re/1 =10%FT"! Ay =20 INZ
“t~ 2000 SEC

8 — 4000 —
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The set of parameters shown on figure 7 are some of the more important from the heating
and loasding point of view. (Accoustic and vibration parameters are not incluied). Correct
Reynolds number is required to ussure that the flow characteristics ineluding boundary layer,
heat transfer, and deteiled flows — such as through joints and cracks are correctly simulated,
Stream energy level as the driving potential for heating should be correct, especially for
the evaluation of the effects of flows through joints and cracks as well ss to assure correct
temperature levels. Heating history is very important since in many instances the largest

“hermal strains have been developed as a result of tLemperature lags within the structure. Hence,

~asting history will have significance with regard to thermel fatigue. Aeroel..cic paramcter
must be matched to assure a correct loading, Our experience nas indicated that the details of
fabrication are siznificant to the performance of structures which undergo thermal cyeles.
Conisequently, the hardware tested should be that to be incorporated in the flight vehicle
insofar as the degign detall, wmaterialp, and fabricslivy is concerned. Finally, there is a

clear indication that edge wach number will have a pronounced effect on heating resulting from
surface roughness and joints,

If you add these simulation requirements you realize that, idealliy, you want to test full
scale TPS panels in the real and critical environment. The indications are that this mey not
be possible prior 4o an actual flight of the vehicle.

Accordingly, it is belleved that an efrort should be made to determine what simulation
requirements can be relaxed an' by how much and still obtain a correct overall evaluation of
the general thermal proteci:ion system.

SIMULATION NEEDED FOR OVERALL TPS EVALUATION

PoVol
1)

@ STREAM ENERGY LEVEL, hy,

@ REYNOLDS NUMBER ,

dq

@ CONVECTIVE HEATING HISTORY, at

PoVe
@ AEROELASTIC SIMULATION PARAMETER, “E

® DETAILS OF TPS DESIGN MATERIALS AND FABRICATION

@ SCALE I

® EDGE MACH NUMBER, M,

AR,

S




Irregardless of the ultimate environmental simulation deemed accepteble, it is believed
that the hardware to be tested will be essentially full size panels. Such panels are typically
of the order of 2% x 2! square or larger., After supporting these panels in a fixture the total
trangverse dimension may be 2.5 to 3 £t. mininum, Currently, there are only two facilities in
the country having the potential of testing such lerge panels in a realistic hvpersonic stream.
They are the NASA — LRC — 8% HPST and the AFSC-FDL-50MW GDF. Figure 8 presents the varistion of
stream dynamic pressure, unit Reynolds number, and total enthalpy along the flight reentry trajectory.
On the figure the performance of LRC 8! HTST and the Alr Force 50 MW Gas Dynamics Facility is
indicated. Inasmuch as the 8! HIST was designed specifically for structures evaluations it matches
the flight environment very well at M=7.0. Note that for this particular entry schedule this is
very near maximum dynamic pressure. The ability of the facility tc; duplicate flight environmant
is offset by the fact that it is combustion heated {contaminants and oxygen deficient) and only
has a testing interval of ahout 200 seconds. The performance point for the 50 MW facility are
for its 3.5 ft. diameter nozzle which is felt to be about as small a nozzle as can be used for
testing panels of this size. Because of operating pressure limitation, all of its perameters do
not exactly match flight velues. TFor this comparison the stream enthalpy has been matched while
the dynamic pressure and Reynolds number fall below the flight values. This facility uses arc
heated air and can test for an interval of 1800 seconds. Both of the facilities may encounter
difficulty in achieving turbulent heating unless some means of tripping the boundary layer is

devised.
OVERALL TPS EVALUATION
SPECIMEN SIZE ~ 24"x 24"
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o
5? The problem of experimentally establishing the relative merits of thermal protection
; concepts proposed for the space shuttle is mede compiex by the different simulation re—~
} quirements for the different possible failure modes.

Lo

. ; Test facilities capable of simultaneous similation of different parameters in conbination

-1

as required for TPS screening do not currently exist. FPlans are currently underway in certain
NASA Centers to hopefully alleviate this problems However, the performance of these new or
modified facilities is not certain.

.

Overall evaluation of thermal protection systems apparently requires testing of large
specimens under correct combinations of aerodynamic heating and loading. Facilities currently
available for such evaluation and verification tests are believed to be inadequate.

It is believed that considerable additional effort should be spent defining acceptable
similation for overall TPS evaluation and verification so that facility requirements can be more
adequately established.
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MATERIALS TECHNOLOGY -~ INTRODUCTION AND OVERVIEW

G. C. Deutsch
NASA Headquarters
Washington, D.C.

This sesslon will be concerned with the advanced
materials technology that 1s required for the space shuttle.
First, however, it might be pertinent to consider why the
space shuttle presents uhique materials problems. The 4
environment in which the shuttle will operate has already
been covered in this conference but it would be worthwhile
to review very briefly the sallent features that apply to
the selection of the structurai materials. In the table on
top of Fig. 1, the space shuttle 1s compared to both aircraft
and to current Apollo type reentry vehicles., The shuttle
wlll operate at‘ﬁnch higher temperature than current aircraft,
will have a payload that-is a considerably smaller fraction
of gross weight, and will use hydrogen fuel. The differences
one encounters when comparing the space shuttle to present
ieentry vehicles are all concerned with the ahility of the
vehicle to land and be reused. The shuttle should be capable
of landing subsonically, of being ready for another. flight
a fairly short time after landing, énd of accumnlaﬁing a total
of one hundred flights with a minimum of repain.or refurbishment.




When these requirements are translated into materials
terminology, it becomes apparent that this is the first air-
craft type device in which parts of the strfdyture will be
creep limited. It is also evident that the oxidation
resistance required of the shuttle will be many times that
of previous aircraft. The constructlional materials must,
of course, not be embrittled by the hydrogen which will be
used as a fuel and many of the bearings, seals and hydraulic
fluids will have to operate intermittently, with great
reliability, and at temperatures in excess of those met in
current practice., In addition there is of course the overall
requirement that all constructional materials, both in the
structure of the space shuttle and in its power plants, be
as light as possible.

The several papers in this session will deal with
various aspects of these problems, Before coming to the
papers, a brief discussion of the current Materials Technology
Program, supplemented with an indication of program trends
for the coming year, is in order. This is done in Fig., 2.
The first major topic shown there is High Temperature Metals.
This includes the technology of columbium, tantalum, and
dispersion strengthened alloys and of the coatings which
" protect them for use above 1800°F. This topic was discussed

-- for continuity purposes -- during the thermal protection

systems sesslon yesterday. You may recall that the program

e




is a joint one covering activities at the Lewis, Manned
Spacecraft, and Marshall Centers. In the fiscal year Jjust
ending, two million one hundred thousand dollars of research
was conducted under this major topic. It is anticipated that
this program will remain at about its current level during
the comlng year. The next major toplc, Structural Composite
Materlials, is concerned with materials technolc. as opposed
to the application studies covered yesterday. These
materials are expected to contribute materially to achieving
the light welght structure that the shuttle must have, The
program is being conducted by the Lewlis and Marshall Centers
and in the past year was just barely initiated with a one
hundred thousand dollar effort. This will be substantially
increased in the coming year. The third major topic,
Environmental Compatibility, 1s concerned with the ability
of the materials to avoid hydrogen embrittlement, corrosion,
stress corrosion, and flammability problems, The program
was carried out at the Marshall Center in the past year at

a level of three hundred thousand dollars. In the forth-
coming.year it is anticipated that the continuing program at
Marshall and a érogram.to be initiated at the Manned Space;‘
craft Center will, in combination, be somewhat greater than
the presént e?fort. Beafings, Lubricants; .and Seals studies
‘Were carried out by the Lewis and Marshall Centers at a level

of about four hundred thousand dollars in the past year.
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In the forthcoming year this program will be kept at
approximately the same level., With so many new materials
being used in the shuttle, the accumulation of statistically
significant design data poses a rather considerable problem.
To alleviate this problemn about one half million dollars was
spent in the past year and a modest increase is anticipated
in the coming year, Finally, as the fracture'mechanics and
other discussions indicated yesterday, any defects that
develop during a flight must be found by inspection and
quickly repaired so as to allow prompt recerﬁifieation for
the next flight. The program at the Marshall Space Flight
Center to ensure that this can be done has been ﬁunning at
the rate of about five hundred thousand dollars a year and
1s expected to increase.

A more detailed breakdown of these major ®pics :l.s gliven
in Figures 3 and 4. In Fig. 3, for example, the high
temperature program is broken down.into the specific studies

involving dispersion strengthened alloys, columbium and

tantalum. And in the final figure, for example, the specific

topics to be covered in environmental compatibility are
detaiied. . _

The program that is covered by'these figures represents .
an effort to attack the most critical problems expegtéd w;ﬁh
the ‘materials for the space shuttle. A very conscious effort

has been mﬁde to concentrate 1hitial~efforta on those areas
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where the problems appear to us to be most severe and which
As

require the longest lead times for their solution.
experience and confidence in these areas are galned it can

be anticipated that the program will be mcdifled to encompass

‘ a broader spectrum of material problem areas.
% The papers to follow will attempt to assess the tech-
nology in several of the outlined areas, Many wlll indicate
gaps that we seek your assistance in filling.
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UNIQUE OPERATIONAL CHARACTERISTICS

COMPARED TO AIRCRAFT

COMPARED TO REENTRY VEHICLES

@ HIGHER TEMPERATURES (10 3000°f) ® 100-MISSION REUSE
® SMALLER PAYLOAD WEIGHT FRACTION | @ SUBSONIC MANEUVERABILITY
® HYDROGEN FUEL @ FAST TURN AROUND

PLACE NEW DEMANDS ON MATERIALS

@ CRE{P RESISTANT STRUCTURE

@ DYNAMIC OXIDATION RES'STANCE

@ COMPATIBILITY WITH HYDROGEN

@ HOTTER SEALS.BEARINGS.HYDRAULIC FLUIDS

FIGURE 1

SPACE SHUTTLE
MATERIALS TECHNOLOGY PROGRAM

MAJOR TOPIC CENTER FIYm"I’gs:l':::IlS 123“1‘}]
HIGH TEMPERATURE METALS LeRC,MSC,MSFC 2100 LEVEL
STRUCTURAL COMPOSITE MATERIALS LeRC,MSFC 100 INCREASE
MATLS. ENVIRONMENTAL COMPATIBILITY  MSC.MSFC 300 INCREASE
BEARINGS,LUBRICANTS AND SEALS LeRC,MSFC 400 LEVEL
DESIGN PROPERTIES OF MATERIALS . mé.usrc 500 INCREASE
ADVANCED INSPECTION & REPAIR MSFC 500 INCREASE

TECHNIQUES FOR MATERIALS

LeRC—~LEWIS RESEARCN CENTER
MSC—~MANNED SPACECRAFT CENTER
MSFC—MARSHALL SPACEFLIGHT CENTER -

FIGURE 2
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SPACE SHUTTLE MATERIALS TECHNOLOGY
ELEMENTS OF PROPOSED NASA FY 71 R&D PROGRAMS
STRUCTURAL COMPOSITE MATERIALS

EVALUATE BORON-ALUMINUM COMPOSITE SHEET & SHAPES

DEVELOP HIGH MODULUS ORGANIC FIBER COMPOSITES

ADVANCE TECHNOLOGY OF RESIN-FIBER COMPOSITES - IMPROVE RESINS,
PROVIDE IMPROVED ANALYTICAL DESIGN METHODS, STUDY THERMAL
FATIGUE, RESIDUAL STRESS, & FLAW PROPAGATION

HIGH TEMPERATURE METALS

EVALUATE PROPERTIES OF Ni-Cr-ThO, INCLUDING OXIDATION RESISTANCE

IMPROVE & SCALE-UP METHODS OF PRODUCING Ni-Cr-ThOp SHEET

DEVELOP METHODS FOR FORMING & JOINING Ni-Cr-ThOp

CONSIDER ALTERNATE SUPPLIERS OF Ni-Cr-ThOp SHEET & MODIFIED
COMPOSITIONS

DEVELOP IMPROVED COATINGS FOR COLUMBIUM & TANTALUM ALLOYS &
EVALUATE IN 2000°-2700° F ENVIRONMENTS

DEVELOP MANUFACTURING TECHNOLOGY FOR FORMING COATED Cb & Ta
HEAT SHIELDS
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FIGURE 3

MATERIALS ENVIRONMENTAL COMPATIBILITY

EVALUATE COMPATIBILITY WITH HYDROGEN, SIMULATING PRESSURE, LOAD,
& TEMPERATURE OF FLIGHT HARDWARE

DETERMINE RESISTANCE OF SHUTTLE ALLOYS TO CORROSION & STRESS
CORROSION

STUDY FLAMMABILITY & OXYGEN COMPATIBILITY OF SHEET MATERIALS,
POTTING COMPOUNDS, & ELECTRICAL WIRE

BEARINGS, LUBRICANTS, & SEALS

DEVELOP FLUID & DRY LUBRICANTS SUITED TO HIGH TEMPERATURE
OPERATIONAL REQUIREMENTS

DEVELOP SPECIAL DESIGNS FOR SLIDING & ROLLING ELEMENTS

DEVELOP FACE TYPE SEALS FOR LIQUID HYDROGEN PUMPS

DESIGN PROPERTIES OF MATERIALS

DETERMINE STRENGTH VS TEMPERATURE & CREEP DATA ON SUPERALLOYS,
Ni-Cr-ThOp, COATED Cb & Ta SHEET

OBTAIN VALID EMISSIVITY DATA UNDER OPERATIONAL CONDITIONS

APPLY FRACTURE MECHANICS TO PRESSURE VESSEL DESIGN

FIGURE 4
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MATERIALS RE-USE, EVALUATION, INSPECTION AND REPAIR

Eugene C. McKannan
NASA Marshsll Space Flight Center
Huntsville, Alabama

Objectives

The primary objectives of 'the space shuttle vehicle are to pro-~
vide reliable and low cost transportation from earth to orbit and
return in a variety of missious. This requires a rec-useable and
a light-weight vehicle. Re-useability requires that we must mini~
mize the amount of turn-around time and effort required for in-
spection, refurbishment, wesrout, replacement maintenance and
repair between flights., Light-weight certainly requires that we
use high strength/low demsity materials in the thinnest possible
gages and that we minimize temperatures so that the strength of
the materials will not fall off rapidly. Also, we must have a re-
radiation thermal protection system to get rid of the energy rather
than a system which consumes material to absorb energy., These re-~
quirements lead us to consider the re-useable metal instead of
ablative systems in the heat shield, rocket nozzles, attitude
control and auxiliary propulsion systems ¢hroughout the vehicle
(figs. 1 and 2).

Background

The experience that we have with all-metallic re-radiative
re-entry vehicles is impressive. The six Asset vehiclesin addition
to the several boost glide re-entry vehicles used coated columbium
and tantalum alloy re-radiative panels. The side heat shield panels
of both Mercury and Gemini, those highly successful manned space-
craft, employed super-alloy re-radiative heat shield panels, Our
total experience and confidence with this type of thermal protection
is sufficient to proceed with larger vehicles {fig. 3)(Ref. I).

Requirements

The space shuttle requires & combination of aircraft tech-
nology, booster technology, and orbital spacecraft technology. For
instance, an airplane such as the DC-8 or 707 is built to sustain
on the order of 100,000 takeoffs and landings; an Apollo vehicle,
only one; and the space shuttle, somswhat more than 100. We must

247

o

L wzﬁ\:\" KR

G T .
LI ‘,ﬁé_‘%mw_‘-«‘ b e mo BT e <

A’I "

-J

'5,

s
AL

,,,.
ok,

5N
b e e

spe®

<4




build a spacecraft to go through boost and re-entcy with aircraft
type of re-useability. Looking at the primary structure, the tem-
perature variation in an airplane is approximately 200°F; in a
spacecraft it is over 600°F where cryogenic tankage is involved.
In the shuttle it will probably bs over 700'F, because we veed to
allow the aluminum tanks to attein as high a temperature as poss-
ible. We can look at the structure in terms of pressure differ-
ential, safety factors, mass fractions or anything else and we see
that we, are required to build a vehicle which must accomplish the
mission of a spacecraft with the re-useability of an aircraft

(fig. 4).

We must consider the many time-and-temperature~dependent
properties which change with the life of the vehicle. From the
point of view of mechanical prdperties these are, of course, the
strength and ductility, in addition to the creep deformation and
remaining fatigue life. Low cycle fatigue is important where we
look to the number of component operations such as pressurization
cycles or loads on landing gears. High cycle fatigue is important
in terms of time of powered £light at frequencies of engine reso-
nance and turbulence in fuel lines. Finally, acoustic fatigue is
important mainly during boost and re-entry. We must also consider
fracture mechanics to look at the materisl in terms of its tough-
ness and resistance to crack propagation rather than its strength,

All of these mechanical properties are more or less dependent
for their lifetime on the metallurgical or solid state of the
material, We are talking here about the miciostructure in which
the thermal history is extremely important. Not only initial pro-
perties but the change in the properties depends upon whether the
material is in a solution annealed or ""as-cast" condition or
whether it has been precipitation aged. Also, the all important
creep deformation depends on whether the material has reached a
tenpersture at which recrystallization and changes in the grain
structure have occurred. Finally, we must look at the surface of
the material for oxidation of coatings, diffusion of coatings, into
the substrate or of oxide into the coatings, and volatilization of
alloying elements into the vacuum of space, which may change emis-
sivity, probably the one most important property we mus- consider
in a re-radiative temperature limited system. Of course, erosion
and surface topology of the coatings is very important also
(fig. 5). At this point va must add that the re-useability of
the fibrous chrome-aluminum silicate, high-temperature insulation
is vital to the protection of the primary structure. Changes in
fiber length or compaction due to vibration or to moisture pick-
up on cooling must be minimized.
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Mechanical Properties

Figure 6 is an actual creep curve on panels which the McDonnell«~
Douglas Corporation tested for the Air Force. The panels deformed
further with each 60-minute cycle at 2400°F under load. The total
deflection allowable for this type of panel was dctermined to be
40 mils and this particular panel reached that limit in 21 cycles.
The study indicated that panels of this sort reach their creep
1imit well before they reach their 1life limit by any other mode
of degradation. This curve also shows the difference in creep
rate of an undamaged surface-coated columbium panel and one in
which there has been damage to the coating over a spotweld. The
major concern is with contamination of the columbium substrate with
oxygen and the ensuing embrittlement as evidenced by the steeper
creep rate. Fortunately, the referenced study shows that coating
damage does not appear to have latastrophic effect on the perfor-
mance of t'.e silicide coated columbium panels at reduced pressures
in a static test environment. (Ref II).

Figure 7 is an example of recently obtained fatigue data from
the University of Minnesota on Rene' 41 at 1600°F. This is a nickel
alloy, very popular because of its strength but very sensitive to
thermal-mechanical history. The "A" values of the different curves
are for various ratios of cyclic to mean stresses in the specimen
indicating how cyclic stresses imposed on top of steady state loads
degrade the total stress capability of the material.. (Ref. III).

Figure 8 is a typical fracture toughness curve from Tiffany
at Boeing showing normalized stress intensity versus life. Kjj
in the numerator is the initial crack stress intensity due to a
crack which is determined to be in the material by either non-
destructive inspection or an initial proof test. K;, in the den~
ominator is the critical stress at which fracture occurs in the
material due to rapid and unstable propagation of a crack. The A
over Q values are equivalent crack dimensions. Both the Kj. value
and the shape of the curve can be determined for any given material,
a few of which are listed in the upper right hand .corner. The
important point here is that if one determined that 0.4 of the
fracture stress intensity has been imposed upon the material, then
something like 200 cycles of life are remaining. If "A" cycles
are applied in the life of .the vehicle, then the stress intensity
will increase to 0.6 of the critical fracture stress intenbity for
this material. We .expect to extend this type of analysis of pres-
sure vessels to other areas of the cyclicly loaded structure.
‘Ref, IV. ‘ Co . .
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Metallurgical Structur:

For figure 9 in the area of metallurgical or micro-structural
stability we have turned to the engine manufacturer, Pratt and
Whitney, Division of United Aircraft Corporation, who has much
experience with superalloys at high temperature. In this case we
see the difference in the microstructure of IN 100, a complex
" nickel alloy, in which the annealed structure shows large ir-regular
) grains and fairly clean grain boundaries. The microstructure on
‘the right, which has been cycled to 2000°F and then aged at about
1600°F shows & much finer and much more regular crystal structure
with a large amount of carbide precipitation in the grain bounda-
ries. The point is that the mechanical properties of this material
have been greatly changed with the change in microstructure due to
the thermal history. Later Mr., Cataldo will discuss a similar
situatipn involving grain growth in HS 188, a cobait alloy which
many people have suggested for use on the space shuttle.

Surface Structure

Next in importance, we must emphasize the re-useability of
silicide coatings on columbium alloys. This involves oxidation of
the coating, diffusion of the oxide into the coating and of the
coating into the substrate, volatization, erosion, spalling, and
cracking of the coating. Stoi chiometric changes of the oxide
cause volumetric changes, hence cracking, in addition to differ-
ential thermal expansion between the silicide coating and the
columbium substrate (see fig. 10). Figure 11 is a typical
diggmam, shown by Perkins of Lockheed, of the many different kinds
of cracks and defects one should look for in these coatings.

Figure 12 is an indication of the effects of both temperature
and thickness indicating that the heavier coatings will provide
longer life because of the greater depth to which the oxides pene-
trate before they reach the columbium substrate. Fortunaiely, many
studies have now shown that many cycles of safe operation can be
obtained even after the oxides reach the columbium substrate (Ref. V).

Emissivity

Figure 13 is a diagram of the change of emissivity with the
number of cycles to 2000°F., The bottom curve is a typical Sylvania
R512F silicide coating on columbium showing a rather large 0.19
change in emissivity. McDonnell Douglas Corporation has shown in
the middle curve how they can modify this coating and obtain a much
smaller change in emissivity.
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The top curve is from some data provided by General Electric Company
from Snap 27 flight reactor experience on the Vac-Hyd 109 silicide
coating on columbium 129Y, which shows both a higher value and no
change of emissivity over a long period of time. Much more data

on these coatings 1is needed, however, to substantiate these curves.

Non-Destructive Inspection

I will not dwell on non-destructive inspection because
Mr. Steinbring, General Electric Company,will give ts much better
detail on this subject in the next paper. However, we know that
there are several types of measurements that can be made both ini-
tially and between flights very efficiently., For instance, looking
at the coating of silicide or columbium, we can see oxidation be~
cause of the yellow-~green coloration of the oxided area, We can
measure the change in thickness ,with rapid scanning eddy current
and thermoelectric probes. Finally, cracks can be determined using
dye penetrant and radiographic techniques. There are several ways
we can also look at the important variables in the metallic sub-
strates. The grain size changes which were mentioned earlier can
be determined by both ultrasonic and thermoelectric techniques
which, again, can be applied in a rapid scan mode. Radiographic
techniques can be applied to find major cracks, and beta gage scan-
ning devices can be used to determine changes in total thickness.
The moisture content of the high~temperature insulation can be
determined by dfelectric techniques (fig. 14).

Regair:

We are looking at several £ield repair techniques for quick
fixes of the silicide coating on the panel. These involve slurry
spray coating, electrophoretic deposition, plasma arc deposition,
hot patches, of both low melting silicate or exothermic paste on a
film which will exclude air while the material is being heated.
Also, coatings such as the platinum paint or ceramic cewent may
be useful for patching oxided areas. We have not yet determined
which of these might be the most effective for use directly on the
vehicle. Most of them will require some sort of high temperature
tool to place over the patched area. In terms of refurbishment,
there are many causes which may damage a coating. Some of these
are listed on figure 15, such as the weather, ground debris, some-
one dropping a tool, brittle cracks which occur during thermal
changes, ablation products from some other part of the vehicle
coating the surface, meteoroid impact, and the deformations which
are put into the material, and the failure of fasteners which may
shake loose. We are attempting to determine the tolerance of the
various kinds of panels to these forms of damage and the best
methods which san be used to repair them.

Summary
In sumasry, the primary thermal-protection-shield life-limitations’

251



Mot -

- S
R SN DS AL

the panel: second, thermal stability of the microstructure or
, changes in the grair size, and finally flaws that may occur in
f the coating. We have development and evaluation programs active in
g measuring properties and in determining the flaw effects on the
reuseadbility of the material, on the non-destructive inspection
techniques which can be applied, and finally in the repair techniques
which can be used to speed :he vehicle onto its next mission. All
of this is aimed it making a space shuttle reuseable and, therefore,
both reliable and low cost in that one vehicle can do many jobs.

‘é as we now see them, are first creep and the total deformation in
H
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Figure 2
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~SILICIDE COATINGS ON COLUMB UM ALLOYS
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THE IMPORTANCE OF NONDESTRUCTIVE TESTING FOR THE
COATED METALLIC THERMAL PROTECTION SYSTEM
R. C. Stinebring and A. E. Oaks

General Electric Company
Philadelphia, Fennsylvania

THE RELTABILITY REQUIREMENTS

The key to success for the space shuttle program is the reliable
performance of the vehicle for a projected one hundred flights. A
catastrophic failure at any time prior to the full 100 missions, resulting
in the loss of lives and the vahicle, would mark the end of the entire
space shuttle program and possibly or future manned space missions. Each
flight of the shuttle vehicle must have the same high confidence as the
first flight and yet the requirements of economics and fast turn-around
time serve as formidable constraints.

In addition, it can be anticipated that in the course of 100
missions some launches and re-entries will not be textbook perfect. For
example, it may be necessary to perform evasive maneuvers or to pass
through hail, rain, dust etc. or to undergo a hard landing. Each of
these situations cause thermal and/or mechanical overstressing of the
vehicle materials and unpredictable damage or abnormal degradation may
occur.

How then can we assure the high reliability that is required?
Essentially, this depends on three primary elements:

e Proper Design
The vehicle must be designed with emphasis on fail-safe aspects
so that local failure of one or several components, such as panels
on the TPS, will not cause complete failure of the systemn.

e Materials Characterization
There must be a thorough knowledge and understanding of the materials
behavior under the thermal and mechanical stresses of multiple
re—entries,

o Nondestructive Testing (NDT)
A complete set of sensitive, rapid, and effective NDT methods must
be developed and applied for evaluating the status and monitoring
the properties of the vehicle materials as a function of exposure
to the re-entry environment. These methods must be able to detect
the onset of incipient failure and to measure abnormal degradation.

- THE SYSTEMATIC APPROACH TO NDT IS ESSENTIAL

NDT will have a direct impact on every stage of manufacture and
operation (Figure 1) as dictated by the requirements for re-~usability
for 100 missions. The starting point for NDT development is the thoiough
knowledge of the potential failure mechanisms and the material variables
—which influence behavior. Based on this knowledge, NDT techniques,
which are sensitive to the important variables and defects, can be
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developed and time and energy will not be spent developing techniques for
detecting conditions which have no relevancy.

1. In-Process NDT Ewaluation

It is important to note that variability in the material properties
is "locked-in" during the manufacturing process stages. As a result, it
is essential that those variables which lead to premature failure are
detected and minimized. This can be done by the effective application
of NDT techniques for process monitoring and control, as well as for final
inspection.

2. Systems Checkout and Prelaunch Evaluation

NDT techniques will be used for evaluating the space shuttle vehicle
before the first launch. This will be primarily to assure the initial
integrity of the vehicle and to obtain base~line data for future reference.
The assessment of degradation from subsequent re-entry exposures will be
dependent on comparisons with prior NDT data.

The NDT techniques applied at this stage must be rapid and the data
obtained should be compatible with computer storage and readout systems,

Damage due to handling and assembly will be detected during this
evaluation and the decision for repair or replacement of components will
be based, largely, on the NDT information available, In addition, the
repair site or replacement component will require NDT inspection and
verification.

3. NDT Assessment of Re-usability

As mentioned above, NDT data must be obtained rapidly at this stage
because of the turn-around time constraints. As a result, it will probably
not be possible to examine all areas of the vehicle and reliance must be
placed on identifying critical areas for special attention. These areas
may be identified as a result of the design analysis where flight testing or
windtunnel tests indicated the areas of highest temperature or stress. In
addition, these areas may be identified through the use of implanted or
attached sensors which may indicate that an over-stress or over-temperature
condition has occurred in local areas., Examples of these sensors may be
such things as "thermochromic implants" which change color irreversibly
when a particular temperature has been exceeded. A quick visual inspection
of the TPS would then permit these areas to be quickly identified and NDT
evaluation techniques for measuring the amount of degradation could then
be applied to these local areas to determine if sufficient residual life
is still ieft or if the component must be replaced or refurbished. Another
example of "condition" sensors could be the use of functional magnetic
fasteners (s ~h as bolts) which are composed of an alloy which has a specific
“curie point". When the temperature at the strvucture has been exceeded the
magnetic bolt would lose its magnetism. Exteinally mounted probes could
then quickly scan the vehicle and detect those areas where the demagnetized
bolts are located thereby delineating areas which have been overheated and
thereby weakened. A further example would utilize materials which irre-
versibly change their electrical resistance when strained beyond a specific
value, When these sensors are attached to the internal supporting structures
they will indicate that an overstiess condition has taken place and further
NDT verification of the flight-worthiness is required. These are only a




few examples of the types of unique and novel approaches that can be taken
to reduce the amount of NDT scanning that will be necessary to assure the
reliability of the vehicle for another re-entry.

However, in order to be sure that the TPS materials are behaving in
a characteristic fashion it will be necessary to obtain NDT data from
specific selected areas after each flight or series of flights. In this
case, the data would be compared with previously acquired NDT data,
probably by using a computer system, and assessments of reusability would
be made by observing the amount of degradation which has occurred. The
computer would have pre-programmed information as a result of the extensive
environmental testing during the materials development and characterization
stages and comparisons of the NDT data accumulated after each re-entry would
allow deviations from normal behavior to be detected. The combination of
implanted and attached sensors and the evaluation of the vehicle at
specific selected locations will permit very rapid assessments to be made,
A framework unit with appropriate NDT transducers could then be an integral
part of the maintenance and inspection facility and the shuttle vehicle
would then be placed under the frame when the inspection is to be made.

WHAT IS THE STATE-OF-THE-ART OF NDT FOR COATED METALLICS?

During the past several years, a program under the direction of
the Air Force Materials Laboratory (Ref. 1-4) has been concerned with the
development of nondestructive testing techniques for evaluating high
temperature coatings on refractory alloys and superalloys. This program
is an excellent example of the considerable value that can be obtained
when NDT development occurs as a parallel effort with the materials

development. Primarily, this program sought to answer the following questions

(and did successfully):

e Why do the coatings fail?

e When will the coatings fail?

¢ Where will the coatings fail?

e Which material variables are associated with failure?

e How can these variables be eliminated during the processing step?

As a further result of this program, coating producers and contractors
are currently using NDT techniques for process control, acceptance testing,
and for evaluating specimen degradation during environmental testing.

For the sake of brevity, three effective NDT techniques will be
described in this paper. These techniques were applied to specimens and

structures having pack cementation and slurry coatiugs on columbium, tantalum
and molybdenve alloys.,
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A, The Thermoelectric Probing Technique

The problem of detecting coating variability on the edges of
specimens is a particularly troublesome one. Yet, it is necessary to
evaluate edges since the greatest number of failures during static and
cycling oxidation occur at edge sites.

A technique was developed in which a heated metallic electrode was
brought into contact with the coating surface thereby generating a
thermoelectric voltage. The amplitude of this voltage is dependent on
the composition and the diffusion thickness of the coating. When it was
applied to specimens with the slurry applied coating considerable variations
in the thermoelectric response could be seen on the flat surfaces and on
the edges. When some of these specimens were sectioned and evaluated
metallographically the variations in thermoelectric voltage output could
be traced to variations in the coating thicknesses., It was possible to
calibrate the test in terms of coating thickness and to make predictions
with an accuracy of about + .0002". Further, it was found that slurry
coated specimens, which were oxidation tested at about 2600 degrees F.
under static and cyclic conditions, consistently failed at the site where
the lowest thickness was predicted., As a result, this variable was identi-
fied as the primary one which leads to failure and, therefore, must be
controlled. One coating vendor monitored this condition in numerous
specimens and made adjustments in the coating procedure which resulted in
consistent coating uniformity at edges and on the surfaces with a greatly
improved predictability for performance, as well as longer life.

In addition this technique was applied to internal surfaces of complex
specimens such as hollow, gas cooled turbine vanes made of columbium alloy
and coated with the Sylvania R 512 E coating. By bending the probe tip into
hook shape and grinding the tip to a point, it was possible to accurately
measure and assure the coating thickness in very restricted areas of the
internal leading and trailing edges. This demonstrated that the limitations
of part geometry have no noticeable effect on the accuracy of this technique.
Examples of the simple instrumentation required to perform this test and
a schematic showing the arrangement of parts are given in Figures 2 & 3.

B. The Backscatter X-Ray or Electron Emission Test

Another test which was developed under this program and showed
considerable usefulness was based on an unorthodox radiographic technique
(Ref. 5.). In this technique a radiograph can be made of the coating alone
without the interfering effects from the thicker substrate or a coating
on the opposite surface of the specimen. ‘This is achieved by placing a
piece of radiographic film in direct contact with the upper surface of the
specimen or structure as shown in Fig. 4 a. A vacuum is then drawn on the
special cassette, which has a rubber bladder as the top cover, and the
film is thereby pressed firmly into contact with the specimen surface
(Fig. 4 b). The cassette is then placed under a standard X-ray tube and
is exposed under conditions which are determined empirically. As the X-rays
proceed through the film they will cause some uniform darkening or fogging
of the film and as they impinge on the coating surface and the substrate
they "generate photo-electrois and secondary X-rays which are then scattered
in a backward direction onto the film..
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When this technique was applied to coatings, which were prepared
by a pack-cementation process using pure powders in the pack, the back-
ﬂ' scatter radiograph showed numerous areas of mottled appearance. Subsequent,
oxidation testing of specimens at 2600 F., and 3000 F, in a static furnace
and plasma arc showed that failure always occurred at one of the mottled
areas. This failure had the appearance of a pinhole through the coating
when viewed under a 20X microscope after failure had been seen ivisually.
Metallographic sections through some of these mottled sites showed coating
structures which were radically different than the surrounding normal coating
areas (Fig. 5). Electron beam probe analysis of this structure showed that
it was low in chromium and also completely lacked the uniform laves phase .
of columbium dichromide at the coating/substrate interface. As a result,
it was hypothesized that the lower chromium content of these islands in
the coating, resulted in reduced oxidation resistance in these local areas.
Further, the lack of the laves phase, which serves as a diffusion barrier
to the outward migration of columbium, continued to decrease the oxidation
resistance at these local areas and thereby triggered the failure of the
coating at these sites. Figure 6 shows the typical appearance of a
Cr~Ti-Si coated specimen with the numerous islands of faulty composition. )
A review of the coating process and an analysis of the pack materials }
permitted the source of this problem to be identified. The chromium :
particles used in the pack showed varying amounts of oxlde films on their
surfaces. Since this coating procedure is performed in two steps, where
the chromium and titanium are diffused into the columbium substrate in the
initial step, it was seen that the oxide layer on the pack particles could mask
the substrate causing a vacancy to be formed at this site. Upon subsequent
siliciding in the second step of the process, the vacancy would permit the ;
direct diffusion of the silicon and the columbium substrate. As a result, Wi
the local area would have, essentially, a CbSip composition rather than the
more oxidation resistant CrSig composition. Again the detection of this
variable by NDT techniques permitted the process to be analyzed and the
failure~influencing variable to be minimized or eliminated by removal of the >
defective pack materials and replacement with fresh non-oxidized materials, "ol
As a result, subsequent coatings of this composition prepared by pack-
cementation showed considerably longer lives in the oxidation test.

B e

C. The Eddy Current Technique
Eddy current test techniques are commonly used for measuring coating
thicknesses on metallic substrates, as well as for detecting such defects as
cracks and porosity. In this test a high frequency electrical field is
introduced into the test specimens by means of a coil transducer and produces
eddy currents which are affected by changes in thickness, composition and .
structure (Figure 7). Since this technique can be used for rapid scanning,
it was employed for evaluating the coating thicknesses on the flat portions
of panels and specimens. However, this technique is severely affected by
changing surface contours and displays edge distortion effects near or at
the edges of specimens., As a result, the thermoelectric test was used for !
eyaluating the as-coated edges and complex shapes while the eddy current L,
I

-

St

X

@

technique was used for looking at flat panels primarily. In addition, the 3
thermoelectric technique depends on the surface of the coating being an ?*;
electrical conductor:and cannot be used when the surface has been oxidized, P
This limitation does not hold for the eddy current test, St

‘(
i
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Therefore, after the specimens had been placed in an oxidation
test furnace for varying lengths of time at 2600 F.,they were evaluated
by the eddy current technique. Obvious changes in the eddy current response
could be seen as the specimens accumulated high temperature exposure
time. Specimens were sectiop=l and evaluated and it was found that the
eddy current technique was ¢« .itoring the changes in diffusion depth
and oxide buidup.(Figure 8).

Other coatings than the one illustrated in the graph in Fig.8
showed the same type of behavior, although the slope of the parabolic
curve changed in relation to the speed of coating growth. In one coating
system (Cr-Ti-Si), the coating grew parabolically until a certain point
wvas reached, and then abruptly changed to a linear growth curve. This
change in the form of the curve has been identified as the "breakaway"
and signals impending failure of the coating system due to wearout
and the consequent loss of oxidation protection. As a result, this
phenomenon may be used in the space shuttle for signalling incipient
failure of the coating.

In addition, the eddy current technique has been used by Sylvania
in evaluating their slurry applied coating while it is in the "green"
stage. From their experience with this technique, they have been able
to strip the coating or to apply additional slurry before the final
fusing step. As a result, they have been able to produce more consistent
and reliable coatings for the refractory alloys.

SUMMARY

When nondestructive testing techniques are developed in a
systematic way in conjunction with the materials development, they can
produce numerous benefits. For example:

1. NDT can be an effective characterization tool for assuring that the
manufaciuring process is reproducible.

2, These techniques can be used for identifying and locating variables
and defects in coatings that lead to failure.

3, Processes can be monitored and controlled to minimize or eliminate
fajlure-influencing variables, thereby assuring maximum life and
reliability.

4. Wearout or degradation of the coatings, which signal incipient failure

czu be detected, thus permitting specimens or structures to be removed

before serious damage has occurred.

WHAT IS STILL NEEDED ?

The program outlined above is only a beginning. There are numerous
problems still to te solved, for which NDT can play a significant role.
Among the things still required are those listed below:

¢ N.D.T. Instrumentation-Computer Analysis Systems for making reuse
decisions in real-time.

¢ Automation of present N.D.T. techniques to permit rapid, accurate
and sensitiv~ evaluation,
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¢ Development of novel techniques or sensors which can be used to 1:.

rapidly detect over-temperature, over-stress or other abnormal :
conditions. S

- * NDT techniques for detecting substrate degradation (embrittlement,
Lo thinning,debonding etc.)

¢ Criteria for determining reusability and NDT for assuring reliability
during reuse.

¢ Early detection of loss of oxidation resistance (incipient failure),

e Detection of failure of coatings on internal surfaces which are
inaccessible. ¢

¢ Development of new N.D.T. techniques which are specific to new
coatings as they are developed. R4
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FIGURE 2 - The Thermoelectric Instrument and Probe
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FIGURE 3 SCHEMATIC OF THERMOEL ECTRIC PROBING METHOD
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FIGURE 4A - Placement of Film on Coated Columbium Panel
Note that Bare Film is Placed On Top of Fanel

FIGURE 4B - Vacuum Cassette With Enclosed Panel and
X-ray Film., Cassette is Ready for
Exposure to the X-ray Source,
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METALLOGRAPHIC SECTIONS THROUGH A POROUS AREA AND A NORMAL ARE 4
NOTE THE PRESENCE OF THREE WELL DEFINED ZONES IN THE NORMAL AR[ &
THE POROUS AREA DOES NOT SHOW THESE ZONES .500X

FIGURE § -~ Sections Throuch Normal and Abnormal Areas
Detected By the Backscatter X-ray Technique
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FIGURE 6 - X-ray Print Showing Numerous Islands of
Chemical and Strictural Variation. Dark '
Spot:s on Frint Show Abnormal Areas that ’
Are Always Associated With Failure in
The Pack Cementation Cr-Ti-Si Coatina. ]
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// MATERIALS PROPERTIES AND ALLOWABLES
FOR THE SPACE SHUTTLE ;;
L. K. Crockett ;;,,
North American Rockwell ,
Downey, California
\x\
and W, E. Witzell
General Dynamics/Convair !
San Diego, California 1
MAJOR MATERTAL AREAS i
x
THE ORGANIZATIUN OF THE DISCUSSION FOLLOWS THIS OUTLINE 5 -
S
WITH IDENTIFICATION O SPECIFIC MATERIALS AND THEIR &
ASSOCIATED REQUIREMENTS MADE IN EACH OF THE MAJOR AREAS z

LISTED.

METALLIC TPS & HOT STRUCTURE
NONMETALLIC TPS - REUSEABLE

PRIMARY STRUCTURE & TANK MATERIALS
HIGH TEMPERATURE & CRYOGENIC INSULATION
CREW COMPARTMENT MATERIALS
NON-STRUCTURAL MATERIALS
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THE EVOLUTION OF MATERIAL TECHNOLOGY FOLLOWS THIS FLOW CHART ¢

FOR STANDARD MATERIALS SUCH AS ALUMINUM ALLOYS AND THE NEW
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MATERIALS SUCH AS TD Ni-Cr. THERE IS A GREY AREA WHERE ONLY
CERTAIN SPECIFIC CHARACTERISTICS WILL REQUIRE EXTENSIVE ‘

DEVELOPMENT.,
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METALLIC TPS & HOT STRUCTURE

THE SPECIFIC METALLIC MATERIALS THAT ARE PRIMARY CANDIDATES FOR BOTH TPS
AND HOT STRUCTURE CONCEPT ARE LISTED IN ORDER OF THEIR MAXIMUM OFERATING /
TEMPSRATURE, THE CHOICE BEIWEEN INCO 625 AND HAYNES 188 WILL BE MADE
DURING PHASE B.

B/ S TS T

RENE 41 (1650 AGE) BRAZING, WELDING, DIF BONDING, FORMING

THE FABRICATION PROCESSES THAT ARE LISTED INCLUDE ONLY THOSE THAT ARE y
LIKELY TO AFFECT THE PROPERTIES OF THE CANDIDATE MATERIALS, °”§
APPLICATIONS s

MATERIAL FABRICATION PROCESSING N

cb COATING, WELDING, DIF BONDING, FORMING Lt

TDNiCr ]

INCO 625 BRAZING, WELDING, DIF BONDING, FORMING o

HS 188 ' !

P

I

INCO 718 BRAZING, WELDING, DIF BONDING, FORMING
Ti 6AL-4V (ELI) —  WELDING, DIF BONDING, FORMING




METALLIC TPS & HOT STRUCTURE

THE REQUIREMENT FOR DATA VARIES SIGNIFICANTLY WITH THE PHASE OF THE
OVERALL FRCGRAM. AN ATTEMPT IS MADE TO REFLECT THIS IN THE DEFINITION
OF THE REQUIREMENTS, PHASE B DATA WILL FORM A PORTION OF THAT REQUIRED
FOR THE COMPLETE CHARACTERIZATION REQUIRED DURING PHASE C, HOWEVER,
THE PRIMARY EMPHASIS DURING PHASE B WILL BE TO PROVIDE CONFIDENCE IN .
THE SELECTION OF CANDIDATE MATERIALS AND PROVIDE DATA TO ALLOW A

BELIEVABLE MASS FRACTION.

PROPERTIES VS FABRICATION HISTORY, THERMAL HISTORY, (LIFE CYCLE)

PROPERTY PHASE "B" - PRELIM ALLOWABLE PHASE ""C"' - DESIGN ALLOWABLE
MECHANICAL COATED Cb, INCO 625, RENE 41 ALL
PHYSICAL - INCL OPTICAL  COATED Cb, INCO 625, ' ALL
FATIGUE - INCL SONIC COATED Cb, INCO 625, RENE 41 ALL
CREEP COATED Cb, INCO 625, - ALL

+ FRACTURE PARAMETERS
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METALS REUSABILITY

TYPICAL LIFE CYCLE EFFECT ON MECHANICAL PROPERTIES
ARE SHOWN TO ILLUSTRATE THIS REQUIREMENT.
NUMBER OF FLIGHTS (~1 HR)

TEMPERATURE, DEG F
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NONMETALLIC TPS - REUSEABLE

THE REUSEABLE NONMETALLIC TPS MATERIALS ARE DEVELOPMENTAL AT ‘[{IS TIME,

HOWEVER, THEY HOLD CONSIDERABLE FROMISE FOR VIABLE APPLICATION. THE

CARBON~CARBON COMPOSITE OR REINFORCED PYROLIZED PLASTICS HAVE EXTREME

.

TEMPERATURE CAPABILITY LIMITED PRIMARILY BY OXIDATION PROTECTION.

THE CONCEPT OF EXTERNAL INSULATION HAS MANY DESIRABLE ATTRIBUTES AND

MUST BE GIVEN A HIGH PRIORITY FOR DEVELOPMENT.

APPLICATION

AT R TR ST Tl S meh e
.

MATERIALS FABRICATION PROCESSING

EXTERNAL INSULATION (COATED) COMPONENT FABRlCATION & ATTACHMENT

e

CARBON-CARBON COMPOSITES (COATED) ~ COMPONENT FABRICATION & ATTACHMENT

~

/ - 28
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NONMETALLIC TPS - REUSEABLE

THE PRIMARY EMPHASIS OF TESTING THESE MATERIALS MUST BE TO DEMONSTRATE
FEASIBILITY ESPECIALLY THEIR COMPATIBILITY WITH ALL ENVIRONMENT TO BY

ENCOUNTERED THROUGH A TOTAL LIFE CYCLE.

PROPERTIES VERSUS LIFE CYCLE

PROPERTY PHASE "B" - REQUIREMENTS PHASE "C'* REQUIREMENTS
MECHANICAL PRELIMINARY CHARACTERIZATION DESIGN ALLOWABLES
PHYSICAL (INCLUDING OPTICAL) PRELIMINARY CHARACTERIZATION DESIGN ALLOWABLES
ENVIRONMENTAL PRELIMINARY CHARACTERIZATION DESIGN ALLOWABLES

VIBRATION
MOISTURE
279
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L PRIMARY STRUCTURE & TANK MATERIALS

i MIL-HANDBOOK 5 CONTAINS THE BASIC ALLOWABLE REQUIRED FOR MOST OF THESE
f METALS, HOWEVER, THE INFLUENCE OF LIFE CYCLE AND SOME SPECIFIC
&

PROPERTIES WILL REQUIRE ASSESSMENT,

CONSIDERABLE EMPHASIS MUST BE GIVEN TO THi: DEVELOPMENT OF Th% MORE

EFFICIENT COMPOSITES DURING PHASE B, THIS IS REQUIRED TO MINIMIZE THE

PHILOSOPHY

AREAS OF CONCERN.,

NOT SEEM TO BE AS HIGH AS IT SHOULD BE,

PROPERTIES VERSUS LIFE CYCLE

RISK ASSOCIATED WITH THE EARLY SELECTION OF THESE MATERIALS,

FRACTURE PARAMETER AND FRACTURE CONTROL PHILOSOPHY REPRESENT MAJOR

HOWEVER, THE PRIORITY FOR ACQUISITION OF DATA DOES

280

PROPERTIES PHASE "B" PRELIMINARY ALLOWABLE  PHASE "C" DESIGN ALLOWABLE
MECHAN I CAL ESSENTIALLY ADEQUATE - SUPPLEMENT AS ALL
REQU!RED
PHYSICAL ESSENTIALLY ADEQUATE - SUPPLEMENT AS ALL
REQUIRED
FATIGUE ESSENTIALLY ADEQUATE - SUPPLEMENT AS ALL
REQUIRED
iy FRACTURE PARAMETER
Ke ESSENTIALLY ADEQUATE - SUPPLEMENT AS ALL
n REQUIRED
f; Kic ESSENTIALLY ADEQUATE - SUPPLEMENT AS ALL
0 REQUIRED
) Ky ESSENTIALLY ADEQUATE - SUPPLEMENT AS ALL
B s REQUIRED
{ dA | N ESSENTIALLY ADEQUATE - SUPPLEMENT AS ALL
4 REQUIRED
' FRACTURE CONTROL  DEFINE & EVALUATE IMPLEMENT
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PRIMARY STRUCTURE & TANK MATERIALS
i
B THE DEFINITION OF HOT STRUCTURE AND PRIMARY STRUCTURE INCLUDES A RATHER
\:ﬂ ARBITRARY TEMPERATURE LIMIT., THEREFORE, Ti-6A1-4V AND INCO 718 APPEAR %
l ON BOTH LISTS. |

APPLICATIONS %
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MATERIAL FABRICATION PROCESSING 2

ot
Rt

INCO 718 WELDING DIF BONDING FORMING

\':‘f
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Ti 6A1-4V WELDING DIF BONDING, FORMING

2219187 WELDING, FORMING :
707516 & 173 . /

METAL MATRIX COMPOSITES FASTENING, BONDING
NONMETAL MATRIX COMPOSITES FASTENING, BONDING
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HIGH TEMPERATURE & CRYOGENIC INSULATION

THE PRIMARY CANDIDATE INSULATION MATERTALS ARE LISTED ESSENTTALLY IN
ORDER OF OPERATING TEMPERATURE.

APPLICATION
MATERIAL FABRICATION PROCESS
ZIRCAR (ZrO) INSTALLATION - PACKAGING !

DYNAFLEX (SiO2, Al03 Cro03) INSTALLATION - PACKAGING

e e T T
a

TG 15000 (GLASS)

MINK (PROPRIETARY) COMPONENT, i
MARINITE (ASBESTOS) COMPONENT ;
POLYURETHANE SPRAY FOAM, COATING, PRIMERS i
MULTILAYER H.P. 1. SYSTEM INSTALLATION
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HIGH TEMPERATURE & CRYOGENIC INSULATION

VERY LITTLE DATA RELATED TO THE EFFECTS OF THE LIFE CYCLE ENVIRONMENTS ON
ALL OF THE INSULATION MATERIALS IS AVAILABLE., THE CHOICE OF HIGH
TEMPERATURE MATERIALS IS SOMEWHAT LIMITED AND .3%0. "ES EARLY CHARACTER-
IZATION TO SUFPORT CANDIDATE SELECTION,

PROPERTIES VERSUS LIFE CYCLE (THERMAL, MOISTURE, VACUUM, VIBRATION, ETC,)

PROPERTIES PHASE B REQUIREMENTS PHASE C REQUIREMENTS

PHYSICAL CONFIRMATION OF SELECTION - COMPLETE CHARACTERISTICS
CRITERIA - i.e,, OPERATION LIMITS

MECHANICAL CONFIRMATION OF SELECTION COMPLETE CHARACTERISTICS
CRITERIA - i.e., OPERATION LIMITS

COMPATIBILITY CONFIRMATION OF SELECTION CCMPLETE CHARACTERISTICS
CRITERIA - i.e., OPERATION LIMITS -
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TEMPER
4000

PRCJECTED INSULATION PEUSE CAPABILITY

VERY LIT: MISSION LIFE CYCLE DATA IS AVAILABLE.

PEFMISSABLE OPERATING TEMPERATURE WILL PROEABLY DECREASE WITH

THE MAXIMUM

INCREASED EXPOSURE, THIS ILLUSTRATION EXTRAPOLATES THIS CHANGE

BASED ON JUDGEMENT RATHER THAN DATA.
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CREW COMPARTMENT MATERIALS

THE DATA ACCUMULATED TO SUPPORT THE APOLIO PROGRAM IS ADEQUATE FOR
PHASE "B". HOWEVER, THE MORE BENIGN ATMOSPHERE OF THE SHUTTLE MAY
ALLOW THE USE OF SPECIFIC MATERIALS WHERE THE COSTS OF TESTING ARE
JUSTIFIED, THEREFORE, PHASE "C" WILL REQUIRE SOME TESTING. AN

WARLY EFFORT WILL BE TO ESTABLISH THE FORMAL CONTROL PROCEDURES.

MATERIALS PHASE "B" REQUIREMENTS PHASE "C'" REQUIREMENTS
VARIOUS ORGANICS FLAMMABILITY, TOXICITY VERIFY DATA
CLOTH OUTGASSING DATA FOR LESS SEVERE
ADHES IVES FROM APOLLO 02-N2 ENVIRONMENT
COOLANTS
SEALS & TASKETS
LUBRICANTS
285
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NONSTRUCTURAL MATERIALS

THE EMPHASIS DURING PHASE "B" SHOULD BE TO IDENTIFY THE REQUIREMENT
WITHIN THE VARIOUS SYSTEMS, THE DEMONSTRATION OF 100 MISSION LIFE
CYCLE CAPASILITY WILL REPRESENT A MAJOR TEST PROGRAM DURING PHASE "C"

FOR MANY OF THESE MATERIALS.

MATERIALS PHASE B REQUIREMENTS PHASE C REQUIREMENTS
LUBRICANTS IDENTIFY REQUIREMENTS CHARACTERIZE MATERIALS
SEALS & SEALANTS IDENTIFY REQUIREMENTS CHARACTERIZE MATERIALS
WINDOWS IDENTIFY REQUIREMENTS CHARACTERIZE MATERIALS
ELECTRONICS IDENTIFY REQUIREMENTS CHARACTERIZE MATERIALS
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CONCLUSIONS

PHASE "C" Wi{LL REQUIRE CONSIDERABLE TESTING TO COMPLLTELY
CHARACTERIZE EACH MATERIAL TO THE LEVEL OF STATISTICALLY SIGNIFICANT
DESIGN ALLOWABLES AND THE EFFECT OF TOTAL LIFE CYCLE.

PHASE "B" TESTING SHOULD PROVIDE CONFIDENCE IN THE PROPER SELECTION

OF MATERIAL AND FABRICATION PROCESSES WITH SUFFICIENT CHARACTERIZATiON
TO GIVE BELIEVABLE MASS FRACTION AND TO PROVIDE A BASIS FOR A
REALISTIC APr.:41SAL OF PHASE *'C" EFFORTS.
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PRECEDING PAGE BLANK NOT FILMED

BEARING, LUBRICANTS. AND SEALS FOR THE SPACE SHUTTLE
Harold E. Sliney

NASA—ﬂewis Research Center
Cleveland, Ohio

INTRODUCTLON

The unique mission requirements of the space shuttle will expose some of
the hearings, lubricants, and seals to extreme conditions of temperature
and pressure. In this presentation we will consider three major problem
areas: (1) lubrication and design of airframe control surface bearings,
(2) thermally-stable fluids for hydraulics and for jet engine lubrication,
and (3) shaft seals for liquid hydrogen pumps.

DISCUSSION

S

An estimate of some of the conditions to which the control surface bearings
on *he orbiter will be exposed during a shuttle mission is given in figure 1.
There will undoubtedly be a prelaunch checkout requirement for the aero-~
dynamic control bearings under ground atmospheric conditions and at light
bearing loads. During ascent, the control surfaces and their associated
bearings are expected to reach about 1400-1500° F from aerodynamic heating.
The control surface bearings may not be required to actually function during
ascent; control may be handled by rocket engine gimbals and reaction control
jets. The bearings on the orbiter will then be exposed to a long sosk in
vacuum during orbit at temperatures possibly as low as -100° ¥, Upon re-
entry, the bearings will hest up to about 1600° F,

T A 3 S awa LY
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The control surface bearings #ill become functional at some time during
re-entry, They will then be required to provide oscillatory motion of the
control surfaces under high loads during the balance of the re-entry and
later during jet-powered subsonic fiight.

TR

Figure 2: This is an estimate of the airframe skin temperature in the
vicinity of the control surface hearings during re-entry. For one concept
of the orbiter vehicle, the high temperatures (1400-1600° F) persist for
gbout one-half hour. The bearings will not heat as rapidly as the airframe
skin but they will retain their heat longer and may have to operate at
temperatures above 1000° F into the jet-powered portion of the flight, In

some less optimistic analyses, temperatures as high as 1800° or 1900° F are
anticipated in the areas of the control surface bearings.
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The temperature extremes to which the airframe bearing= will be exposed
eliminates the possibilily of usir.; 0il or grease lubricants except perhaps
during ground checkout., Therefore, solid lubricants are being considered,
In our previous research on solid lubricants, it was demonstrated that
coatings and composites utilizing CaFo as the lubricant are promising high
temperature solid lubricants. For example, in simple slider experiments
ceramic-bonded CaFo, lubricated Rene 41 to 1900° F. Ball bearings have been

successfully lubricated with CaFo-Balp coatings at temperatures up to 1500° F.

Figure 3 is a CaFp~lubricated superalloy bearing rumning at 1500° F and 5000
rpm. This bearing is shown to indicate the high-temperature capability of
the lubricant and the bearing materials, It is in unidirectional rotation
and is carefully aligned with the shaft. In comparison, airframe bearings
undergo oscillating motion and must be capable of accepting severe shaft
misalignment while the bearing is operating. (Airframe deflections and
thermal gradients can easily cause dynamic misalignments of i5°.)

Bocing in the DYNASOAR re-entry glider program and a following program have
evaluated CaFo coatings for control surface hinge bearings., Boeing found
that ceramic-bonded CaFo and fused CaFp-BaFp ccatings were effective at
1000 and 1500° ¥, but very poor at room temperature. Martin in its PRIME
lifting vody program found that oil could be successfully used as a co-
lubricant for the low temperature ground checkout condition. Both investi-
gators found that a special gold plate developed at Boeing and designated
X.88 was an effective lubricant for plain spherical bearings up to 1000° F.

Areas of investigation which should be pursued include: (1) bearing design,
(2) improvenent of low temperature properties, and (3) formulation of coat-
ings and filiers for composites that not only lubricate, but also provide
oxidation protection 1o the substrate or porous metal.

Three types of self-aligning airframe control surface hinge bearings are
shown in figure 4. The ball bearing aligns on the outer raceway which is
ground. as a segment of a circle with its center at the bearing center. The
concave roller bearing can carry both a radial and a thrust load and align-
ment occurs at the roller-inner raceway contact, The inner raceway is a
spherical segment. In both of the rolling contact designs, the solid lubri-
cant will either be applied as a bonded coating on the cage surfaces
indicated or the cages will be made of a self-lubricating composite materisal,
The remaining bearing is a sliding contact, plain spherical type. Oscil-
lating motion occurs on the thrust washer and on the bore of the bearing,
The spherical segment is for self-alignment only. The lubricant coating is
applied to the shaft, the flat thrust surface, and the spherical surface of
the bearing,

In simple slider experiments, improvement in low temperature lubricating
properties have been achieved by adding finely dispersed metallic silver to
the fluoride coating compositions. The effectiveness of this addition on
the lubrication of airframe tearings will be studied.

Figure 5: Self-lubricating sintered porous metals infiltrated with fluoride
lubricants are effective up to 1500° F but the life is limited by oxidation
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of the sinte.,rd metal in the composite. We have begun work on modifying
CaF, infiltrants to provide oxidation protection to the metal, The slide
shows the we’ght increase with time in air at 1500° F caused by oxidation
of the simered metal in the composite. In 50 hours, fluoride-filled
Hastelloy X has oxidized more than unfilled Hastelloy X. However, the
use of a Co0-based ceramic instead of the fluoride reduces oxidation
drastically. Studies are now underway to modify the fluoride infiltrants
by the addition of oxide ceramics,

Thermally-Staole Fluids for Hydraulics and Jet Engine Lubricants

Some heat transfer studies by aircraft companies indicate that heat soak
during and just after re-entry may increase hydraulic and lubricating fluid
temperatures to as high as 800° F, These fluids should, therefore, have
good thermal stability, good oxidation resistance and low vapur pressures

in order to minimize sealing and tuermal protection problems for the
hydraulic and lubricating systems. Figure 6 gives come pertinent properties
of some candidate fluids.

The polyphenyl ethers ard the so-called C-ethers appear to have the neces-
sary high temperature properties. Polyphenyl ethers have the disadvantage
of high pour point (+40° F) and certain deficiencies as boundary or thin
film lubricants. The C-ethers, although they have a slightly lower thermal de-
composition temperature, do have the advantage of a low pour point (-20° F),
and they have good susceptibility to additives for improving wettability on
metals and for improving boundary lubricating ability. We plan to conduct
both in-house and contract programs with C-ethers and polyphenyl ethers.

The contract program will be a program (l) to formulate additives for the
C~ether and polyphenyl ethzrs to improve their lubricating characteristics
and other properties, (2) o determine suitability of the lubricants for
ball bearing lubrication, and (3) to evaluate the fluids in a hydraulic
system, The in-house program will be to investigate the¢ fundemental lubri-
cating characteristies of the various candidate fluids at the temperatures
of interest,

Seals for Propellant Pumps

The last item I would like to discuss relates to the other temperature
extreme. It is concerned with rotating seals for liquid hydrogen pumps for
the rocket engines., Current thinking is that to get the high flow ratés
needed in a compact package, the pumping pressure may be anywhere up to 10
times the pressures found in current rocket propellant pumps. Therefore,
seals are needed that will seal a high Ap and must be reusable for many
flights,

Figure 7 compares the leakage rate for three types of shaft seals: labyrinth,
sliding contact, und self-acting 1ift pad type of narrow gap seal designed
here at Lewis., This seal provided lower leakage rates than either the
labyrinth or the sliding contact seel. Also, because there is no solid
contact, little or -no seal wear occurs. Low seal wear rates are especially
important to obtain the long seal life needed in a reusable vehicle, A
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schematic of the self-acting 1ift pad seal is shown on figure 8. This type of
seal 1s characterized by a high gas film stiffness. This means that the 1lift
force drops off rapidly if the seal tends to open and the closing force in-
creases rapidly. If the seal tends to close, tiie opposite effect occurs, A
small operating film thickness is thereby maintained and the result is that
the high gas film stiffness forces the seal nosepiece to dynamically track
any small runout motion of the seal Face,

SUMMARY

Three major areas of research which have promising potential for space ,
shuttle applications have been discussed. They are: .

1. High temperature airframe bearings lubricated with solid lubricant
. film and composites. Modifications to provide good low temperature
S lubrication and to reduce metal oxidation rate are needed.

WEPRLRT R P R XN

2. Formulation and evaluation of high temperature modified polyphenyl N
ethers for lubricant and hydraulic fluids, and

U

3. Self-acting lif't pad shaft seals for hydrogen pumps. They give low
leakage and lititle or no seal face wear.
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ESTIMATED MISSION REQUIREMENTS FOR
ORBITOR'S CONTROL SURFAC. BEARINGS

PHASE OF CONDITIONS BEARING FUNCTIONS
MISSION
PRELAUNCH {80° F 1 ATM AR OSCILLATION
LIGHT BEARING LOADS GROUND CHECK OF CONTROL
SURFACE OPERATION
ASCENT  |80° T0 1600° F STATIC LOAD SUPPORT
ORBIT -100° F VAC OSCILLATION :
MINIMAL BEARING LOADS CHECK OF CONTROL SURFACES
BEFORE REENTRY
REENTRY  {~100° TO 1600° F OSCILLATION
| VAC TO HIGH DYNAM PRESSURES| ATTITUDE CONTROL, MANEUVERS,
PEAK BEARING LOADS & ACCOMMODATE HINGE PIN
MISALINEMENTS
JET- HEAT SOAK FROM REENTRY OSCILLATION
POWERED | ATMOSPHERIC PRESSURE ATTITUDE CONTROL, MANEUVERS
FLIGHT NORMAL FLIGHT LOADS
FIGURE 1 C8-54833
CONTROL SURFACE A
BEARING LOCATIONS -{\'
1500
|TURBOJET START
1000 |
AIRFRAME |
SKIN TEMP,
oF l
I
|

| ] J

]

0 15 20 &
MINUTES FROM ST/RT OF REENTRY

FIGURE 2
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HIGH TEMPERATURE BEARING TEST

INDUCTION COIL. -

SURIZING LINE-, °
sgen I

s |

INNER RACE [ER
HEATER ,

COITLR RACE ol
M ST BEARING

k%, SRS
< 3. ¥

FIGURE 3

TYPES OF SELF-ALIGNING AIRFRAME BEARING

RADiAL
LOAD

byl ===y PLAIN SPHERICAL BEARING

BALL BEARING CONCAVE ROLLER BEARING

CS=54836
FIGURE 4 o
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CFFECT OF LUBRICATING FILLERS ON
OXIDATION OF SINTERED HASTELLOY X

IN AIR AT 1500° F o
; 20— .
17%
CaF,-BaF, FILLER

15+ n

WEIGHT INCREASE, |
% UNFILLED (60% VOIDS) % 7

[a]

5

~COBALT OXIDE CERAMIC FILLER 2

A - } —] 5% ;

0 10 2 £ ) 50
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" FIGURE 5 KR

i

COMPARISON OF SOME HIGH-TEMPERATURE FLUIDS in
PROPERTY [OXIDATIVE | THERMAL |SPONTANEOUS | POUR [COMPRESSIBILITY f:.?é
STABILITY {STABILITY| IGNITION  |POINT, R

Lmm, | LM, TEMP, o 3 :

FLUID Of o OF %
SUPER- 35 600 700 |-%070|  MEDILM E
REFINED -10 FE
MINERAL 2

ol ;}
ESTERS 5 | 600 - 800 -3 70 Low =
TYPE 11 -10 X
SILICONES 500 600 800 -60 10 HIGH 4
C-ETHERS | 550-600 | 700 | . 9% v | VERY LOW '3‘;
POLYPHENYL| 650 850 1100 < VERY LOW o
ETHERS ) |

FIGURE 6 CS-54835
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CRYOGENIC INSULATION
James B. Curry

NASA Marshsll Space Flight Center
Huntsville, Alabama

STATUS

Before considering Shuttle requircements, it seems appropriat.
to Jdifferentiate between two types ol cryogenic insulation,
vhen containaent of the cryogen for only a few hours is required,

‘\u\. [ JENRY

and when conduction and convection mechanisme prevail, it is
pernissible to simply interpose a substance of low thermal con-
ductivity in the heat transfer path, In the context of this
paper, these are short-time insulations, and the insulation
material can be applied to either the interior or extericwr of
liquid hydrogen tankage. However, since all known practical
short-time insulations contain potentially hazardous organic
naterials, their use must be restricted to the exterior of liquid

oxygen (Lox) tankage.

For the prolonged orbital storage of cryogens on the order
of several days, e required tankage design will necessarily
minimize all conductive contributions, and the mulullayer
reflective insulations (Figurc 1) become the logical choice,
We have only limited single flight experience with these insula-
tions. To protect this type of insulation from the degrading
effects of humidity and to provide reasonable thermal perform-
ance while the tankage is on the ground, multilayer insulation
is usually purged with helium. The insulation evacuates during
ascent to attain the low pressure radiatiorn heat transfer environ-

ment where it is most effective,

Figure 2 shows that the critical lonz-time storage require-
ment for this vehicle is the Orbiter tankage, which must store
propellants for de-orbit and landing maneuver, Some type of
multilayer high performance insulation will be needed for these
long-term Orbiter requirements, but it would appear that the
Booster and Orbiter short-time performance requirements can be
met by appropriately modified existing insulations. Figure 3
shows several possibilities that exist in selecting and applying
an insulation for the Booster and Orbiter short-time requirements.
We have assumed that insulation of all Lox tankage will be
required; however, this may not be the case with Booster tankage,
The list is restricted to insulations that have either flown or
have been the subject of heavy developmental work. If required,
we would not exclude any insulation from application to the
exterior of oxidizer tankage, but reactivity considerations
dictate that it be protected from direct contact with liquid
ovygen spillage or vented gaseous oxygen. A requirsment for
elevated temperature resistance may exist for both short-time
and multilayer insulation for reasons that will be clarified later.

With this background, it is instructive to consider specific
exanples of insulations now in service or under development with
an eye toward their potential Shuttle application. We will first
~mphasize concepts rather than materials.
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Two examples of internal liquid hydrogen insulation are
shown in Figure 4a. This foam insulatiou has flown on all
$~1V and S-IVB flights, It is biaxially reinforced with
glass filaments and preformed lap-edged tiles are bonded
adhesively to the tank interior. The inner surface, which :
actually contacts the cryogen, is a wet layup of fiberglass -
polyurethane resin, The other internal insulation is an
example of the gas barriexr type where the liquid cryogen is N
physically and thermally cushioned on a layzr of its own vapor
which is anchored by capillary forces within the cells. .
This gas barrxier approach is still a developmental concept.

Two external insulations have flown successfully on the
Saturn S-II stage, The first version (Figure 4b) consisted
of a phenolic honeycomb partially filled with foam down to
within approximately 1/8 - 1/4 inch of the tank wall, Saw
cuts were made through the honeycomb cell walls next to the
tank to permit maintenance of a helium purge over the tank's
outer surface. The outside suxface of the insulation is
closed by a nylon-phenolic laminate with a Tedlar outexr film.
The finished insulation was adhesively bonded to the tank
exterior. The second and current S-II insulation has signifi-
cant advantages over the first from the standpoint of weight,
thermal periormance, manufacturing ease, and installation.

It is a machine-deposited layer of polyurethane foam applied
directly to the tank exterior and coated with modified poly-
urethane resin under a white vinyl coat. In areas where
localized aercdynamic heating could create serious erosion,
a layer of cork is adhesively bonded to the foam exterior
surzace,

RS,

e N—

Another external insulation which has been carried to an
acvazaced state of development, is the so-called dual seal
insulation, shown ir Figure 5., It is a double layered honey-
comb sandwich with a perforated outer honeycomb layer which

- - accomodates a purge. The inner Mylar honeycomb layer approaches
a multiplicity of individual hermetically sealed volumes that
cryopump to u,low-conducting gas pressure regime when liquid
hydrogen is tanked. |

Again, for Orbiter long-time applications, any short-time
insulation could in principle be employed beneath a suitable
multilayer insulation, so there are several possibilities.

At this point, we can weigh some of the advantages and
N disadvantages of these and various other insulation approaches
against Shuttle requirements. The first choice that way arise
- is the problem of.internal versus external short-time insulation
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for the Booscer and Orbiter ascent hydrogen tankage.
of our experience with the insulation discussed earliexr, Figures
6 and 7 summarize the advantages and disadvantages of these
approaches, If the argument is restricted to insulations we

have actually flown, the

of external insulation,

potentially approach this weight advantage.
temperatures in service would be lower in the case of external

insulations and this would theoretically permit the use of higher
allowables for a lighter tank design.
repetition that any insulation required for oxidizer tankage
will have to be applied externally for safety reasons.
internal insulations of S-IVB type are subject fo

On the basis

external spray foam insulation is the
lightest, but this would not necessarily be a general advantage

It perhaps beaxs

The internal gas barrier type can
Average tank wall

Finally,
progressive

and adverse change in thermal performance as the cryogen perme-

ates the foam,

Turning to internal insulations, as a class they would be

less vulnerable to environmental or accidental damage and any
damage that is incurred would likely be more localized and

without the potentially serious consequences of external

insulation damage. It is hard to say which approach might
be easiest to inspect and refurbish,
is more likely to require separate reentry protection, then

an internal insulation might be easiest to inspect and repair.
A summary of the performance of these systems is contained in

Figure 8.

With the Orbiter long-term insulation, the multilayer
reflective insulation is the only conceptual possibility, but
there are recognized problems in using it on any tankage, and
there are some additional problems peculiar to the Shuttle.

Deficiencies
gericiencles

Unless insulations can be found that will withstand the
full extremes of this mission, from cryogenic tanking to reentry
conditions, all external cryogenic insulation used on the Shuttle
will probably underlie some type of high temperature insulationm.
How much of this high temperature protection to provide, and
how to integrate it structurally and thermally with the cryo-
genic insulation are questions which must be answered.
requires consideration of the temperature limits of the materials
commonly used to fabricate insulation and tankage.

A maximum use temperature of 300°F seems a logical base
point for an aluminum tankage alloy.
attempt at optimization, a cryogenically adequate insulation
capable of withstanding this temperature would require a minimum
thickness and weight of associrted high temperature insulation.

.

This

Therefore, as a first

If an external insulation
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5“; Undortunately, the ability of most materials used in present
© Gy ervogenic insulations to survive repeated cyclic exposurcs
£o this temperature is unproven if not doubtful, particularly
when these exposures are combined with other aspects of the

s Shuttle environment.
\ H
TR The maximum temperature to which the S-I1/S-IVB type

-, urethane foams can be exposed on a static or sustained cyclic

$ basis will be in the range of 200 - 225°F., 1If we takc the

S-II external foam insulation approach, the need for other
plastic foams with improved thermal stability is indicated.

A numbex of possibilities are tabulated in Figure 9. To date
only one isocyanurate foam has been examined, and it did not
significantly exceed the temperature capability of the existing
urethane foams, If a foam with improved high temperature
capability is found, we may then be compelled to look at some
other adhesives for both thermal and bond strength reasons.

The adhesive presently used in the S-IVB internal insulation
has temperature limitations of its own and may not bond satis-
factorily to a foam that differs chemically ‘and physically from
the existing urethane, If an external foam insulation is consider-
ed, it seems unlikely that any nonurethane foam sy:stem can be
adapted to exterior spray application within the Shuttle time
frame, Urethane foams have been with us for some time, but

the spray application of urethane to S-II scale fuel tankage
required the solution of a number of problems.

At this time, the non-foam containing shorl-time insulations
look less foreboding from this high temperature standpoint.
High temperature honeycomb materials are now available which
merit and are receiving consideration for dual-seal type external
insulations and the gas barrier internal variery. The gas
barrier approach is being considered for a liquid methane-fur~ d
ve  sion of the supersonic transport, wher:. temperatures approa h-
ing 700°F may be transiently encountered and - velated program
is underway within the same contractor organization that is
‘oriented specifically toward the Shuttle requirements,

In the case of the long-time Orbiter insulation, this same
high temperature problem will be compounded by.other environ-
mental considerations. The two key elements ¢f the multilayer
insulation are the reflector and spacer layer.. Various metallized .

- plartic films {usually a fraction of a mil in lhickness) are
unde. ‘onsideration as reflector elementa and the intervening
»spacer -layers will probably be some open\nettxng or fabric,
Installxng ‘insulation of this type on tankage of the scale we
are encountering is a substantial problem, but once. this insula-
tion is on the tank, we have the same questions regarding its
durabx&xty under repetxtively cyclic temperature extremes,
pressures, shock, and vibration, It seems; unlikely that a

C .controlled humldxty can be guaranteed for this insulation on
) ' the Shuttle and humidity - temperaturé’ excurs10ns that can lead

~to intérlayer moisture condensation and prolonged retention are
very destructive to the aluminizing treatmevts normally\applied

. i
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to polyester films., Other film subsitrates way be needed on
the Shuttle for thermal reasons and it «ill also be nececssary
to investigate other metallizing trestments, (Figure 10).
Goldized polyimide film, is obtainoble and a special germanium
vaporcoating has becen applied to aluminized polyimide film

to minimize this corrosion probiem., Finally, just because -
these multilayer insulation «lements have no load carrying

capability does not guarantee that they won't be stressed. ,
There is a substantial disparity between their thermal expansion

behavior and that of the candidate tankage materials. In

addition, vibration, evacuation, and repressurization all

induce stresses on the insulation. The relatively poor

reproducibility of multilayer insulation is a disadvantage

that must be bought with their outstanding insulation perform-

ance, Determining the extent of this variation and the <
magnitude of any service induced performance deterioration '
will be necessary and this may well require the parallel
development of a new test methodology. The flat calorimeter
configurations best adapted to cyclic environmental exposures
and subsequent thermal testing of insulation assemblies are
the poorest in our present state of knowledge for yielding
reproducible and realistic thermal performance data, it

o

EVALUATION OF CURRENT MATERIALS - Z‘E

The suitability of existing foams has been studied by tensile
measurements, high temperature aging and thermogravimetric (TGA)
testing., The latter technique involves measuring the weight loss
of the sample in an environment where the temperature is maintained
constant or alternatively, is increased at a programmed rate.
Isothermally aged glass filament reinforced S-IVB foam insulation° Co
samples exposed for six days to temperatures of 210, 250, and 300 F .
showed weight losses of 0,7%, 1.1%, and 6.6% respectively. Between s
250° and 300°F, the foam became discolored, expanded slightly, and !
showed evidence of separation from the reinforcing glass fiber i EE
network. e

The flatwise tensile test results, shown in Figure 11, verify
the rapid decline in foam strength that would be expected over the
tempzrature range in question, Although the failures visually
appeared to occur in the foam, the nature of the adhesive may have
an e¢ifect on the actual strength,

Similar tests were conducted by applying heat to the metal
side of large insulated panels which simulated the current S-IVB
insulated tank. The metal surface was brought to the maximum test
temperature in twenty to thirty minutes and heid at the test
temperature for an additional thirty minutes., Single tests at.
maximum temperatures between 200 and 250°F caused no observable . ‘

_failures but repetitive testing is incomplete. Dissection of
samples heated td\?00°F revealed that cracks had developed in the

.
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foam adjacent to the bondline and this effect was noticeably more
pronounced in samples that had been heated to 350°F. Overall,
these results support our earlier conviction that this system will
be limited to a maximum use temperature in the 200 - 225°F range,
and this limitation now seems to be inherent in the urethane foams
rather than the adhesives,

Figure 12 demonstrates that we have several adhesives with
reasonably good strengths up to 300°F, again, cyclic exposure data
is incomplete., In common with a numbexr of people, we have beén
studying high temperature strength-enhancing additives for
adhesive systems, Additives are known which markedl: aprove the
high temperature and age resistance of our standard u. .thane cryogenic
adhesive and the beneficial effect of using this additive is also
shown in Figure 12,

So, the most high temperature vulnerable element in urethane
foam insulation is the foam itself. Several other foams, including
the polyisocyanurate materials mentioned earlier, are under study
and silicone foams also merit immediate consideration, These and
other candidate foam systems are being screened by TGA, high
temperature aging and mechanical tests. For externally applied
foams, a suitable corrosion resistant primer may be needed for
application to the tank exterior surface before bonding. Consequently,
the parallel evaluation of adhesives, prlmnrs and candidate exterior
foams is indicated.

Evaluation of potential multilayef insulation materials must

encompass at least the activities susmarized in Figure 13. We
have had representative state-of-the-art multilayer insulation test
panels exposed to weathering tests at Kennedy Space Center for over

a year. These unpurged assemblies are stored in an open shed and
althouah they are protected from direct precipitation, we have noted
adverse changes in the optical properties of some of the aluminized
reflector materials. Thexe is also evidence that some spacer materials
contain agents that accelerate this corrosive attack, This study is
being broadened to include materials of greater interest to the
Shuttle. Some of the metallized films that may prove less subject
to humidity-induced optical changes may not be as durable physically,
so methods of evaluating metal adheSion and wear resistance will be
investigated. Representative Spacer materials that, show greater
prOﬂlsc than the currently used nylon and-dacron 1nc1ude‘nett1ng of

. beta ;lass, Nomex, polybenzlm1dazole and Kynol, & flame resistant

phenolic fiber, - .
Je are also enlisting aid through several contracts aimed at

auvc.:pxng or improving insulation suitable for Shuttle service

(Figure 14), The first program is basically an effort to upgrade. the

type of internal foam insulation now flying on the Saturn, S-IVB Stage.

an internal gas layer approach is being pursued in another program

by Martin-Marietta Corporation, and McDonnell Douglas Astronautics

Company is involved in a ‘third program oriented toward high performance

insulation to meet the long-time Shuttle storage requirement.
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FIGURE 3
BOOSTER AND ORBITER
SHORT TIME INSULATION APPROACHES

LH2 TANKAGE LOX TANKAGE
(IF NEEDEDY |
\_'t - b
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3. DUAL SEAL
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- RESISTANCE TO CYCLIC SHUTTLE FLIGHT ENVIRONMENTS AND
WEATHER ING

~ EASE OF DEFECT DETECTIbN, ISOLATION AND REPAIR °

= INSULATION SHOULD HAVE ADEQUATE RESISTANCE TO ELEVATED
TEMPERATURES

- CORROS ION PROTECTION MUST BE PROV IDED WHEN NEEDED
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. FIGURE 4b SATURN S EXTERNAL INSULATIONS .
G \ -

(‘\\ It /lﬁylon Phenolrc Laminate .
- {\ Wifte Past A or Space

i v
1‘*”""* Tedlar Seal
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Adheswe
1om Polyurethane
N mxl Seal Coat
¢ Spray Foam
o,  Tank Skin . foam e w,
‘ ‘-": < . m'““/ ' ﬂlpmv? ~
P Honeycomb Care Heliwm Purge Channels Bording ) —
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« y‘ Corrosion
Rearstant
'.EA Hetal Wall Aur ar Space Perforated face Sheet Capilary Gpenns
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e \ L0 . Network 3
s ’ ' ! Dimens.onal . ' ' Honeyeamb
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3y Polyurethane Seal Coat
MODIFIED EPOXY ALUMINUM FiLM 003
ADHESIVE . ALUMINGM FILM  [,0015"]
2 “$.0 0 0 0 o 0 0 o PERFORATED PHENOLIC
~ . HONEYCOMB CORE
. —— [3/8" ce]
£
: o TANK SKIN
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[.002"] '
i MYLAR WONEYCOM:
‘ POLYURETHANE  ADHESIVE : CORE [3/8" CELL

FIGURE 5 - DOUBLE SEAL INSULATION
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FIGURE 6
EXTERNAL INSULATION

MORE UNIFORM AND BETTER PERFORMANCE, LOWER INSTALLED COST
PERMITS LIGHTER TANK CONSTRUCTION

SUITABLE FOR OXIDIZER TANKAGE

MORE YULNERABLE TO WEATHER ING AND DAMAGE, CORROSION INHIBITION
MAY BE REQUIRED

FIGURE 7
INTERNAL INSULATION

- LESS VULNERABLE TO SERIOUS DAMAGE, FAILURES TEND TO BE 1SOLATED

- FEWER BONDING PROBLEMS

- LOWER CRYOGEN REQUIREMENTS DURING CHILLDOWN

= POORER THERMAL PERFORMANCE WHICH USUALLY WORSENS WITH TIME

- HEAT LOSSES THROUGH EXTERNAL TANK SUPPORTS AND ATTACHMENTS ARE MINIMIZED
- UNSUITED FOR LOX TANKAGE

- HEAVIER, THICKER TANK CONSTRUCTION REQUIRED

7

FIGURE 8
PERFORMANCE OF TYPICAL CANDIDATE SHORT-TIME INSULATIONS

INSULATION KW A% | NORMALTHICKNESS | Wt - Lbipt?
S-1VB INTERNAL FOAM 035 - 045 INCH 0.61
 INVERNAL GAS BARRIER .06 - .08 I-INCH 0.28

S-11 FOAM FILLED , : :
HONEYCOMB EXTERNAL  |° .06 1L6-INCH 0.8
INSWATION
S-11 EXTERNAL SPRAY FOAM| .01 . INGH 0.2
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FIGURE9
CANDIOATE FOAMS FOR CRYOGENIC INSULATION

FOAM ESTIMATED TEMPERATURE LIMIT L
POLYURETHANE 200 - 250
POLY ISOCYANURATE 300 - 3500
SILICONE 500 - 5500
POLY IMIDE 600 - 6500
POLYBENZ IMIDAZOLE 600 - 650°
FIGURE 10
CANDIDATE MATER IALS FOR MULTILAYER INSULATION
APPROX IMATE UPPER
SPACER MATERIALS TEMPERATURE LIMITOF _ COMMENTS o
BLTA GLASS NETTING/FABRIC ABOVE 600 HEAVY BUT PROMIS ING
DACRON NETTING 20 VERY PROMISING
NOMEX NETTING 450 PROMISING
PBI NETTING 650 PROMISING
TISSUGLAS ABOVE 600 FRAGILE
SUPERFLOC TYPE %0 SUBJECT TO COMPRESSIVE LOADS
POLYURETHANE FOAMS 20 RCLEASES DUST
THHIN SLICED HONEYCOMS 20 - 60 MAY BE ABRAS IVE
REFLECIOR MATERIALS e
ALUMINIZED MYLAR 56 SYRJECT TO MOISTURE DEGRADAT ION
ALUMINIZED KAPTON . 65 SUBJECT T0 MOISTURE DEGRAD.TION
ALUMINIZED KAPTON OVERCOATED
WITH GERMANIUM 650 UNDER DEVELOPMENT
GOLDIZED MYLAR 20 PROMISING X
GOLDIZED KAPTON 650 VERY PROMISING '
-9 » \ z
FIGUREN ‘
HIGH TEMPERATURE PROPERTIES OF GLASS REINFORCED POLYURETHARE FOAM ,
SIX DAYS ISOTHERMALAGING FLATWISE TENSILE PROPERTIES . |
TEMPERATIRE % WEIGHTLOSS% - © JOWPERATURESF  TENSRE STRENGTH PSI i >
x L 50 - 20 A i
0 L " R 20 - 50
00 6.6 . ‘ ’ \‘ . . : R \ !
oy - . \\\ a{ ' \\ o
N 309 ‘ ) o
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FIGURE 12
PROPERTIES OF CANDIDATE ADHES IVES
LAP SHEAR STRENGTH - PSi

TYPE -AB% 3200 -250%F  2000F 250%F 3009 AO0OF 5000F 600CF
POLYURETHANE 6000 5500 5000 A0 B0 20 e T T
MODIFIED POLYURETHANE 8000 8000 7500 1200 000 700 === ===
MODIFIED EPOXY 1600 (00 2300 500 350 28 e emws weem
EPOXY MO0 1600 1700 2300 1800 1300 700 500 =~
MODIFIED EPOXY 1800 2200  eewe emew eese 2200 B00 800 -e--
EPOXY - PHENOLIC 1800 2800  ---- 3000 2000 2700 2200 1900 -~
POLYIMIDE ——— o P 2100 o whanan “an 9300 1750
FIGURE 13

EVALUATION OF MULTILAYER INSULATION MATER IALS

A. SPACER MATERIALS

~ GAS FLOW RES{STANCE
« AGING, HUMIDITY RESISTANCE

- RESPONSE YO CYCLIC CORFRESSION, YIBRATION, VACUUM AND
THERMAL EXPOSURES

- PHYSICAL AND CHEMICAL EFFECTS ON METALLIZED REFIECTORS
~ CONTAMINATION PROBLEMS

B, REFLECTOR MATERIALS

- AGING AND HUMIDITY RESISTANCF OF FILM AND METAL COATING
- RESPONSE TO CYCLIC THERMAL AND PHYSECAL ENVIRONMEINTS
= METAL ADHESION AND WEAR RESISTANCE

FIGURE 14
CONTRACTED INSWILATION PROGRAMS
CONTRACT NO. TITLE CONTRACTOR
NA$8-2600 DEVELOPMENT OF LIGHTWEIGHT MATER 1AL MCDONNELL DOUGLAS/

COMPOSITES TO INSULATE CRYOGENIC TANKS ~ WESTERM DIVISION
FOR 30-DAY STORAGE IN OUTER SPACE

NASS-24T73 ,DEVELOPMENT OF ADVANCED MATESR IAL \ McDONNELL DOUGLAS/
COMPOSITES FOR USE AS INTERNAL WESTERN DIViSION
. INSULATION FOR LH, TANK (FOAM)
NASS-Z974 DEVELOPMENT OF ADVANCED MATERIAL . MARTIN MAR IETTA/
COMPOSITES FOR USE AS INTERNAL - DENVER DIVISION
INSULATHON FOR LH2 TANK {GAS LAYER) ;
\
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ENVIRONMENTAL EFFECTS ON SPACE SHUTTLE MATERIALS

C. E, Cataldo !
NASA Marshall Space Flight Center -
Huntsville, Alabama ¢

! The study of environmental effects on space shuttle structural
alloys encompasses a wide range of investigations, including general
materials compatibility studies and flight operational aspects,

It is important, from a cost and schedule viewpoint, to select 5
materijals in the preliminary design phase that are fully compatible
with the anticipated environment; yet, in practice, this point is often
not given sufficient emphasis, and late program materials and design
changes become nrcessary, incurring excessive costs. Too often,
systems qualification tests identify materials compatibility problems r;
that should have been recognized at the time of the initial selection of C
the material. By then, it is too late to make a substitution, in some
cases, without an overall design change in the component, Thus, in
the shuttle program, we intend to make a strong effort to consider
the compatibility aspects in the preliminary design phase of the
program, yet, the environment to be experienced by the shuttle will
be extremely difficult to judge until further analytical and experi-
mental programs are completed and operational specifications have
been firmed up.
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Some of the more significant problems already under investigation
are ligtad in Table I,

Propellant Compatibility with Tankage Alloys « ‘

One important problem to consider is the. compatibility of the
proposed propellants with the tankage alloys. While we can benefit
from considerable past experience with liquid oxygen and liquid
hydrogen containment, as well as with storable propellants, we do
not have éxperience with the reuse conditions to wl'lxich thc; shuttle
will be exposed, nor to the possible effects of repeated re-entries.
Some materials that have proven suitable for various propellant
containment are listed in Table I;' The majority of the shuttle
preliminary designs have proposed the use of 2219 aluminum for >
the primary tanks, There is considerable Saturn-Apollo experience
with this alloy, although it has not been used for large LH, tanks,
Based on the laboratory data available, however, this alloy will,
perform satisfactorily for LH, tankage as well as for LO, tankage.

r
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For smaller propulsion systems, titanium has been used quite
a bit for LH} tankage, but one must avoid the use of titanium where
both GH) atmospheres and elevated temperatures are present,
Titanium must not be used for LOX or GOX applications because of
its high reactivity. This material has also been used satisfactorily
for storable propellants, suchas MMH and NyO4.

Overall, the shuttle requirements involve the evaluation of these
and perhaps other proven materials under the reuse conditions., The
major factors that must be evaluated are fatigue life, thermal cycling
effects, and corrosion susceptibility, Some of this work is underway
within the NASA Centers, supplemented by some contractual effort,
Additionally, it is probable that the propellant tanks of the shuttle
will be of more complex design than the usual cylindrical tanks of
laxrge space vehicles, thus some effort to study fabricability of the
candidate alloys must be made,

The shuttle main propulsion engines and the attitude control
engines may operate at somewh'.t higher pressures than current
systems, and the problem associated with high pressure hydrogen
and oxygen containment will have to be faced. The recent Apollo 13
incident emphasizes the problem that can result fromhigh pressure
oxygen, Very little data is available on threshold pressure and
energy levels that would cause ignition of a material in liquid or
gaseous oxygen, The limited data available suggests that materials
which are suitable for use in gaseous Oz at atmospheric pressure
may react strongly at higher pressures., This applies to both metals
and nor.metals, The energy level required for ignition in whatever
form it may be, such as impact or electrical arcs, must be studied
extensively where one expects to employ specific materials in such
systems.,

Thermal control systems have historically been a problem with
respect to materials compatibilit;, Fluids such as water, methanol,
ethylene glycol, and oils have been used for coolants, and it is
difficult to build a complex system that contains good sealants, good
thermal conductive materials, and efficient pumps and heat exchangers
using materials fully compatible with such fluids, Very careful
control of impurities, ph level, and temperatures have been necessary
in the past to assure long life reliable operation of such systems,

»
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Effects of High Pressure GH; on Metals

o] A Rt 4 Bdem

Considerable effort is being put into studies on the effects of high
pressure hydrogen gas on alioys, This is especially important in
the propulsion systems proposed for the shuttle, including the main
propulsion engines, attitude control engines, and the air breathing
engines which are to be converted from hydrocarbon burners to GH;.
The high temperature requirements in rocket engines generally
dictate the use of nickel alloys which have been found to be quite
sengitive to high pressure hydrogen embrittlement. Some general
characterizations of materials have been evaluated already, but
specific operating conditions of proposed engine materials have not
been studied.

Figure 1 shows the eifects of tests on several materials in 10, 000
psi hydrogen (yield strength vs, reduction of notched strength), Most
of such evaluations have been made at room temperature.. A few
alloys, such as Ti-6A1-4V and Inconel 718 have been evaluated at
cryogenic temperaturez, but essentially no work has been done at
elevated temperatures, Yet, some very preliminary work ona
few selected alloys indicates that high temperature effects may not
be as severe as room temperature effects - dependirg upon the
hydrogen adsorption factors, Programs now under wcy are directed
toward determining more precisely the influence of factors listed in
Table IIL, One such program is being conducted at Rocketdyne,
Canoga Park, and a program including high temperature effects is
to be awarded very soon, Data obtained to date indicates that:

1, Pressure - Mechanical property degradation
increases with increasing GH; pressure, especially
on notched or precracked specimens

2, Exposure time - The effects are not time dependent;
strength loss occurs as soon as the alloy is exposed
to GHZ.

3. Hp purity - A velry iﬁxportant{ parameter; approximately
1% O can completely inhibit degradation.

4, Cyclic effects - Little effect is observed unless the
endurance limit is exceeded.
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5. Temperature - Insufficient work done above room
temperature; limited work indicates high temperatures
may he beneficial. Cryocgenic temperatures (-200 to
-300° F) eliminates degradation,

6, Stress - Degradation occurs between the onset of plastic
strain and ultimate failure in GH; exposure,

7. Combination of the above environments have not been
expiored sufficiently, but appear to be additive,

Life Support and Environmental Control Systems

Most of the work done to date to evaluate materials for crew
compartment applications and environmental control systems has
been limited to the specific mission requirements for certain space
vehicles, Most recent emphasis has been placed on space station
requirements where long space tenure is expected; yet, very similar
characterizations must be determined for shuttle operations, Some
of the evaluations under way are listed in Table IV, "

Considerable contributions.to our knowledge about these factors
have been made by the Apollo and Skylab programs, Many materials
that are likely to be used in crew cabins are nonmetallic and there
are very few such materials that are not flasnmable to some degree.
Even metals can be a problem if used as thin foils, The flammability
tendencies of materials are determined by several factors as indicated
in Table V; therefore, one must characterize flammability with the
ambient environment of the material, Where this environment is
difficult to control, the best practice is to use the least flammable
material available, Most of this type of data is being generated in
NASA labs and comprehensive reviews of materials usages are
conducted to avoid the use of susceptible materials,

Corrosion and stress corrosion resistance of materials has
been a very important factor in the design of spacecraft in the past,
and this will become an even more important factor with the shuttle
vehicle, due to the many reuses and the long lifetime anticipated.
Current corrosion protective coatings shoulq be adequate to protect
most of the candidate shuttle structural alloys, yet each system
considered must be evaluated for'the shuttle operating conditions,
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One area of particular concern is that of the effects of elevated
temperature cycling on stress corrosion resistance, ‘Another
concerns the effects of high temperatures or moderate temperature
cycling on aluminum primer systems, where the vehicle is exposed
to high humidity environments between each flight. Such conditions
may result in a degradation of the primer, rendering it ineffective
02 cven aggressive to the material, With respect to corrosion of
superalloys, which may be used extensively in the TPS, we are

not too concerned, but the major effect will be conceutrated on the
substructure which likely will be aluminum and titanium,

Other environmental factors, such as biological or sterilizatim
characteristics, offgassing characteristics, contamination, toxicity
and odor, are not necessarily problems peculiar to the fhuttle; they
are of much more importance to a long life space station, Yet, we
must consider that the shuttle orbiter will dotk for a period of time
with a space station and certain compatibility standards must be
developed, For example, if an internal crew cabin or cargo
compartment atmosphere exchange with the space station is
necessary, extreme precautions with biological control must be
taken, The life support systems should be compatible. If external
contaminants are emitted from the shuttle, in the form of thermal
protection system coating particles, or insulation particles, these
could cause sérious problems with critical space station expexi-
ments, especially optical surfaces associated with the experimonts
or the operation of the space station, The TPS materials proposed
to date will be particularly difficult to prevent such particles from
being emitted, since the refractory metal or superalloy panels
may overlap and faying surfaces are likely to release small
particles. This possibility and its consequences must be considered
in the TPS system design, : o ‘

High Temperature Effects on Materials

The high temperature re-entry conditions represent the most
critical environmental factor for the shuttle, ~Almost the entire
external surface will consist: of refractory metals or superalloys,
and extensive evaluation programs must be conducted to determine
the effects. of such high temperature cycles on thése materials,.
Some of the consequences.anticipated as.a result of these high
temperature exposures are listed in Table VI, S Loa
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Oxidation characteristics of many of the candidate materials
are under investigation now, but the actual temperature and aero-
dynamic factors are not too well defined at this point, Additionally,

- test facilities for simulating high temperature high flow conditions

are quite limited currently, particularly for large full sized panels,

Erosion tests simulating aerodynamic flow, atmospheric dust
particles, and possibly rain on both bare and coated materials, will
be needed to determine the resistance of the TPS materials and
windshields to such conditions,

‘The extreme temperature differentials will result in a sizable
problem to design the TPS for. excessive thermal expansion and
contraction, While this might be easily accomplished in the skin
material, it may turn out to be a very difficult problem when one
considers the coupling between the TPS and the major structure
and/or the propellant tanks,

Initial tests on superalloys, including both nickel and cobalt
alloys have shown that rapid grain growth can occur in these alloys
after short exposures to temperatures in the 2100° F regime. An
example of this is shown in Figure 2, The effects of such grain
size changes or other microstructural changes on mechanical
properties will have to be determined and the incremental clanges
during multiple re-entry flights must be considered,

Finally, the emissivity of high temperature materials has a

considerable effect on the actual temperature attained by the material,

A change of even 0, 1 in emissivity can change the temperature from

45 to 75° F, Most of the emissivity data available currently represents

ambient condition values, thus emissivity values for metals must be
determined under high temperature conditions simulating re-entry
conditions,

In summary, the shuttle system seems to present to us a set of
environmental factors never before encountered for a space vehicle,

The shuttle is a launch vehicle, a spacecraft, a re-entry vehicle, and

an airplane all in one, Temperatures will range from -423° to over
3000° F in various areas of the structure, Atmospheres will range
from high humidity ground exposure to space vacuum to high
temperature re-entry, It is difficult to imagine a harsher environ-
ment, Yet, such conditions must be investigated in all of the
promiging materials available to us in arder to allow the most
practical and conservative design possible.
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TABLE 1

MATERIALS COMPATIBILITY

° PROPELLANT COMPATIBILITY WITH TANKAGE

ALLOYS

o THERMAL CONTROL SYSTEMS
o EFFECTS OF HIGH PRESSURE GASES (GH,)

o CREW COMPARTMENT ATMOSPHERE &
LIFE SUPPORT SYSTEMS

o HIGH TEMPERATURE EFFECTS
¢ GENERAL & SiRESS CORROSION

TABLE 11

CANDIDATE MATERIALS FOR PROPELLANT TANKS

LIQUID HYDROGEN

e 2000 SERIES ALUMINUM ALLOYS
o AUSTENITIC STAINLESS STEELS
o TITANIUM 5Al-2. 5Sn -

« - o NICKEL ALLOYS

GASEOUS HYDROGEN

LIQUID & GASEOUS® OXYGEN

N,0, (STORABLE)

NMMH (STORA%LE)

HYDROCARBONS

v

“
.
KA : s .

o 2000 SERIES ALUMINUM ALLOYS
o AUSTENITIC STAINLESS STEELS

o 2000 SERIES ALUMINUM ALLOYS
o AUSTENITIC STAINLESS STEELS
o NICKEL ALI.OYS‘ ' '

® TITANIUM 6AI-4V
o NONMETAL BLADDERS

~* ©-2000 SERIES ALUMINUM ALLOYS
' e AUSTENITIC STAINLESS. STEELS

o NICKELALLOYS -
® 2000 SERlES ALUMINUM ALLOYS.

« « @ AUSTENITIC STAINLESS STEELS

o NICKEL ALLOYS

[




TABLE 11
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HYDROGEN EFFECT PARAMETERS

o PRESSURE

o TIME |
o HYDROGEN PURITY

6 CYCLIC EXPOSURE

o TEMPERATURE

o STRESS & STRAIN

o SYNERGISTIC EFFECTS

TABLE IV

ENVIRONMENTAL STUDIES

o FLAMMABILITY

o CORROSION RESISTANCE

0 mo; OGICAL EFFECTS & STERILIZATION METHODS
o AESTHETIC PAINTS OR COATINGS

o OFFGASSING

o TOXICITY & ODOR .~

13
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TABLE V

MATER!ALS FLAMMABILITY FACTORS

o TYPE OF IGNITION

o ATMOSPHERE CHEMISTRY & PRESSURE

o MATERIAL CHEMISTRY
o MATERIAL THICKNESS
o SAMPLE ORIENTATION

TABLE V1

EFFECTS OF SHUTTLE RE-ENTRY EXPOSURE CYCLES

OXIDATION OF TPS MATERIALS

EROSION (AERODYNAMIC, DUST PARTICLES, RAI"N, ETC.)

~ THERMAL EXPANSION AND CONTRACTION

GRAIN GROWTH IN STRUCTURAL ALLOYS'

"5 CHANGE IN EMISSIVITY VALUES .-
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FIGURE T
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MICROSTRUCTURAL CHANGES IN 207 COLD WORKED HS-188 ALLOY
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hll CARBCN FIBRE COMPOSITES FOR RE-USABLE
SPACE SHUTTLE STRUCTURES
W. G. Molyneux

Ministry of Technology
London, England

Since the discovery by RAE in the early 19608 of an -
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e -
e

e
-

economical process for converting a man-made polyacrylonitrile
fibre into a highly oriented structure carbon fibre of out-
standing specific strength and elastic modulus the Ministry
of Technology and the aerospace 1ndus€ry have been supporting

an intensive R&D programme aimed at exploiting the outstanding

e N
ot el 2ol N

potential for weight saving in practical aerospace structures
that this r»=*"~ > sprovides. °‘The applications of carbon

£ibr ~8tics, rather than reinforced metals, has
been . prinecipal concern, and while the primary objective has

not been aimed specifically towards space vehicle structures the

technology nevertheless has direct application in this field. j\’
For the types of re-entry vehicles that are generally 5.2
being considered for the space shuttle programme much of the j
load bearing structure wiil be thermally protected to provide ;
an operating temperature such that aluminium alloys are aﬁcept- g.

able (not greater than 20C°C). At the same time the loading
index would seem to be relatively low, as compared with thai

for more conventional high performance aircraft, and in
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ot consequence much of the structure will be designed on stability
) or even minimum skin gauge considerations, However, consider-
ations of the letter kind are nv novelty in the structures

" field, particularly for certain classes of light aircraft

and for particular areas of str;cture for civil transports.

| The efficiency of different materials for particular

;hj types of structure can broadly be determined “n relation to

. certaln merit indlces and values of the merit indices for
carbon fibre reinforced plastics for a wide range of loading
indices show a marked superiority over those for conventional

metallic materials. A typical comparison of carbon with

conventional materials, for a skin-stringer compression panel,
is shown in Fig, 1. Of course, this is far from demonstrating
that the potential for weight saving, that superior merit
indices implies, can be realised in a practical structure,
It is towards the latter obJjective that the UK programme has
‘been directed.

This programme is in two broad categories, namely;

(a) Evaluation of the properties of carbon fibre re-

inforced plastic composites and the accumulation of

the data required for the proper desig: of carbon fibre
reinforced composite structures,
(b) The design, fabrication and teating of a wide range

of structural components in carbon composite material.
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é,::fl The somewhat mundane yet vital task under (a) must be

| undertaken whenever a novel aircraft structural material is
”‘j/ introduced and the magnitude of the task should not be under-
rated, Within the time scale that 1s envisaged for the space
shuttle system only thoroughly characterised structural
materials of assured avallability can seriously be considered,
and i1t is only because of the extensive effort that has been
deployed in the design data fileld over some yzars in the UK
that carbon fibre reinforced plastics can be regarded as in
this category.

The extent of the work in progress under (b) is best
illustrated by a brief resume c¢f a range of different types
of structure that have been fabricated and tested, in some
cases Jncluding flight testing.

The first of these (Fig. 2) is a floor beam developed
by BAC in which the flanges of an aluminum alloy beam have
been reinforced by unidirectional composite; beams u§ to
20 feet in length have been successfully fabricated. An
application of this kind maikes the maximum use ‘of the potential

of composite material. The compoéite element of the beam 1is
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only one-third of the weight of the metallic element that it
replaces, Uses for the thrust grid structure of the space

shuttle can be visualised.
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Actuator rods for the Harriler that have been developed by
HSA also seek to use the composite in a highly anisotropic
form to achieve high weight saving (Fig. 3). Members of
this kind could well find extensive applications in a space
shuttle structure. A geodetic or braced space frame structure
using fibre reinforced composite struts could well be more
efficient than a stressed skin structure for carrying major
structural lcads, and may be an acceptable solution where a
separate aerodynamically loaded outer shell 1is required to
provide thermal protection from the inner structure,

Tabs for the HSA 748 and the BAC Strikemaster aircraft
(Fig. 4) are examples of lightly loaded structures where thin
composite skins are stablilised by a honeycomb core. This is a
typical method of fabrication for lightly loaded structure that
1s likely to be used extensively in space structures. One UK
application in which it has already been used is in a satellite
structure (Fig. 5 and 6). .

' Examples of more heavily loaded structures that utilise
a somewhat similar method of fabrication are a dive brake for
the HSA Vulcan and a spoiler for the BAC/Breguet Jaguaf
(Fig. 7 and 8). ,

The HSA 748 torque tube for control surface operation

~

1s an example of a thin skin, stability designed filament

wound structure, A transmission shaft for a WHL helicoptér

@

main rotor, formeg by wrapping, is shown in Fig.-9; High
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rotational speed without whirling is required in this appli-
cation,

Filament wound or wrapped structures are of particular
interest for the space shuttle, both in applicatlons of the
above kind and for fuel tank or pressure vessel structures
(Fig. 10).

Where pressure must be contained the permeability of
thin sheet composite may necessitate a liner for the tank in
the form of a flexible membrane or metal inner skin (Fig. 11),
but the liner wrinkling problems common with glass fibre
vessels should be largely absent from those in carbon fibre
because the ultimate fibre strength for carbon is developed
at a much lower level of strain,

Where metal and composite are used in combination the
possibility exists of a judicious choice of the combination
that enables the optimum strength to be developed by both
components under the imposed lozd (Fig 12). Carbon fibre UK
type 2 composite and titanium alloy seems to be a particularly
advantageous combination, and the HSA Harrier, ferry-role,
wing-tip is a particular structure where this combination has
be;n put to test; here there is a titanium inner structure
with a carbon composite skin., (Fig., 13). .

‘The Harrier tip is a class 1 structure, 1.e. its failure

in flight could Jeopardise the safety of the aircraft; this

‘
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component is scheduied for flight tests in early 1971.

The Rolls~-Royce work on compressor and fan blades is
well known, and has particular application to rotating com-
ponents of space shuttle systems, e.g. fuel pumps and the like.

The point has already been made that only properly
categorized material of proven reliabllity and availability
can be seriously consldered for the space shuttle programme
and nothing has so far been sald of reliability and availa-
bility.

Throughout the period of the UK programme particular
attention has been paid to process control variables for the
carbon fibre itself and for the resinpre-impregnated composite,
and material 1s now available to a controlled specification,

For most purposes the material is preferred in the form
of a pre-impregnated tape with a resin formulation, fibre type
and surface condition to suit the particular application, and

1t can be obtained in this form from most of the UK commercial

suppliers,

.,.._..,.___..

Of particular interest for aerospace structural fabri-
cation is the material available from Rolls-Royce Ltd. in the
form of a continuous, 16 inches wide sheet of resin pre-
impregnated, carbon composite that can be laminated to a
0,005 inches thick ply of high carbon fibre volume fraction.
This material is ideal for fabricating thin gauge structures
of 1ar§e area with minimum joints and for the bulk of skinned
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structural applications; it has been intensively categorized
in connection with Rolls-Royce engine applications.

So far as composite material supplles are concerned the
current UK capacity for carbon fibre for aerospace structures

applications is greater than 50 tons per annum with a ready

S

capability for a further increase. it
Numerous resin systems have been evaluated while others,

including the high temperature polyimide resins, are being

examined in the current Mintech programme.
There 1is no doubt that within the European context

there is an effective contribution that can be made by the

UK in the application of carbon composites to space shuttle

structures,
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FIBER REINFORCED COMPOSITES FOR SPACYK SYSTEMS

F, Laussermair, W. S, Lassmann, k., Krzft,
and M, Simon

Maschinenfabrik Augsburg~Niirnberg Ag.
Munich, Germany

Sunnary

M.A.N. has been engaged in the development of high~strength
low weight fiber reinforced components for terregtrial and
space application.

This paper deals with the experimental and qualification pro-
gram of the last several yearz on the development of fiber
reinforeed cryogenic pressurc vessels with special emivasis
on CFR materials.

A wveight comparison shows, that the structural weight for
future space systems can be considerably rednced if the
usual metal fuel and pressure tanks are replaced by fibev
Janks.,

Zusamnenfassune

Die M.A.N. begchiftigt sich seit einigen Jahren mit der Ent-
wicklung von hochfesten Leichtbaukomponenten aus Faserwerk-
stoffen fiir terrestrische und raumfahrttechnische Anwendungen.

Der Vortrag gibt einen Einblick in das seit 3 Jahren laufende
Experimental- und Qualifikationsprogramm zur Entwicklung
faserverstdrkier Kunstetofftanks unter besonderer Bericksiche
tigung der CFK-Bauweise.

Ein durchgefiirter Gewichtsvergleich zeigt, dass fiir kiinfti-
ge Raumfahrtsysteme das Strukturgewicht erheblich reduziert
werden kann, wenn die iiblichen metallischen Treibstofftanks
und Druckbehilter durch Fasertanks ersetzt werden.

Resuné

M.AN, effectuc depuis plusieurs années des recherches sur les
composants Llégers a haute résistance en matérisux fibreux pour
des utilisations terrestres ot spalisles.

L'exposé donne un apergu du programme expérimental et de spéci-
fication qui sc déroule depuis % aus en vue de développor des
réservoirs en matiére plasiique fibreuse renforcée, en mettant
tout particuliérement 1l'accent sur la construction A l'aide de
maticres plastiques reunforcées par fibrec de carbons.

Une comparaison de poids qui a été effectnée montre que, pour des
systémes spatinux futurs, le poids structursl pourra 8tre réduly,
lorsque les récervoirs de carburants et réservoirs sous prescion
létalligues conventionnels seront remplnnés par des réservoirs

re plactique fibreuse. ( ‘
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,’; 1. Introduction

The performance of the space cavrier systems depends \
basically on the specific impulse and the structural )

w0 weight. .

A1l structural snd vessel conceplbs, which show promise
¢f a minimum of weight should therefore be investigated.
Cne mecthod which shows promisc is the use of fiber ~
reinforced materials. M.AN. has been working in this

sector for many years.([1}l 2}( 31(4,]

The first aeronautical project at M.A.N. was the de-
velepnent of the low pressure casing for the jet engine
M.A.N. RB 19% (Fig. 22), which at present is being ;
flight-tested. The first space projects were the de-
velopment of a space research rocket znd also Apogee
motor, both wer: successfully tested on the ground.
Glass fiber composites were used in all these pro-
jects,. i

Some time ago the introduction of carbon fiber as a

high~-strength and stiff reinforcing material opened

nev and intercsting possibilities. Thesc CFR materials
are widely used at M.A.N. in the nuclear technology )
for gas centrifuges. CFR should also prove superior to ' 4
GFR for solid fuel rockets. Cracks in the composite

structure are avoided by the high stiffness which re-
sults in minimum elongation making an additional liner -
unnececsary in most cases. A further advantage is the ’
possible use of low ductility composite fuels as the
stiffness of the structurc prevents fuel cracking. b

Several of thc M.A.N. projects can be scen in fig. 1. | i
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PRECEDING PaGE BLANK NOT FILMED

Design Criteria

The basic criteria for structural materials is its
specific strength SL' I$ is the ratio of the ultimate
strength to the specific weight. The Young's modulus
is important for stability, therefore it is usual to
plot the specific strength vs. specific modulus

(fig. 23). The superiority of carbon fiber reinforcrd
composites can be readily seen.

The change-over to tank design crifteria is clear be~
cause the structural performance p.v/w is basically
the same as only a number of factors have to be taken
into consideration,

as shown in fig. 24.

The results for a large tank design are shown in fig. 2.
The comparison between a pressure gas and turbo-pump

"version is also shown. The next fig. 3 shows the re-

sults of the usual structural performance plot in the
cryogenic temperature range.[Z]{ZJ.

Structural Materials

o

The advantage of the fiber reinforced tank concept is
determined by the mechanical properties of the .compo-
site material, for which, in turn, the properties of

the individual components such as the fibers, the

rerin and last but not least the bonding between the two

are of vital. importance. \ -
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3.1. Epoxy-resings are preferably used for the matrix-
systenms. These resins are modified as required in.
+the ‘individual iapplication. For. example fox cryo-.
' . genic. tanks Epoxy resins.with high elongations
P ‘(greater than 30'%) are used to -avoid brittleness ‘
td at low.’K, The ductility .of .such Epoxy systeﬁs.u
based on-long-chain aliphatic diepoxyds cured 4
under appropriate conditions is still 2-3 % ?ﬁ.i.
cryogenic temperatures, and can be compared to
the. ductility .of .glass fibers, A, large number.of
special . Epoxy .systems, is available for .other
*-.highly. stressed . fiber reinforced .components,
3.2, As mentioned above, the bond between the res
and the fibers is of the hlghest 1mportance for
maintaining the properties of the ‘fibers in the.
composite because the loads of broken fibers have ;
to be carried by shear stressesion the fibér sur-=: {
face, which may also result from the shear mecha- :
. 'pNign 6n'bending. Therefore the Pesin System must .
" méet “special requireméntd, which ‘mist beé ‘attained”
“%& btimal saffinity to- thé" fiber 'and "appropriates
“pdaction control‘duﬁlng curing ‘as‘wéll“as suitable
surface treatment or bhé‘flbers. ‘Phesé two-points<
are of the greatest importance when making CFR
composites, T PR )
The following scanning electron™] m1cropictﬁréé of .
2.7 fracture ssurfaces -show. clearly -the -bonding problems
-v..ofCFR.-composites.« The magnifications. gax},,b.q e qj;\i‘-',-}
“mated by, the known-fiber diametersAalxﬂgﬁéghin;;:
liel“in .thei!fange belween 7d”h9wpmtd oubhy it g

Nty i .
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Fig. 25 shows an American fiber combined with a
German resin system cesulting in a large bonding
gap. Fig. 26 shows a bonding test of American fiber
with American resin system without any gap. A con-
bination without a gap dues not necessarily mean

a good bording, as fig. 27 shows (English fiber -
German ¢ -i-}, as can be seen from the long fiber
ends projection from the fracture surface.

The oppoeite can be seen in fig. 28 (German fiber -
American resin), wbich shows very short fiber at

the fracture surface. A further criterion for a

good bonding is the condition of the resin fracture
surface, as can be seen in fig. 29 (German fiber -
German resin), which shows a clam shell type sur-

face instead ¢f a smooth surface. This is brought aboutb
by the internal stress in the resin which created

in a good bonding process.

Glass and carbon fibers are used as reinforcement.

S- and R-glass fibers have strength values in the
composite of approx. 280 kp/mm2 at a specific weight
of 2.5,gr/cm3-and a Young's modulus of 700,000 kp/cme.
Further limited increases of these values are to be
expected. The main advantages of glass fibers in
comparison to carbon fibers are the ease of pro-
cessing and the low price. ‘

The range of properties of carbon fiber is greaper‘
than that of the glass fiber. The strength figures
lie within 180 + 350 kp/mm®, the Young's modulus
values are approX. 3.5 = 2 &£ 10° kp/cm2 at specific
weights of 1.7 £ 2.0 gr/cmB.
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The selection of the best type of fiber in each in-
dividual case depends on stress and stability re-

“ quirements. The main advantage of the carbon fiber
is its stiffness, which is 3 -~ 4 times greater
than that of the glass fiber. Therefore, in most
cases, the deciding factor is the strength.

The main object of composite technology is to achieve
the greatest possible advantage of the fiber pro-
perties in the composite. Because of the scatter-

ing of the fiber properties, i.e. strength, Young's
modulus and elongation, individual fibers break

long before the fracture of the composite.

Fig. 31 shows the stress-strain diagram of composite.

Line A represents the nearly linear behaviour of

the composite. Oppose to this, the statistical ana~
lysis of the individual fiber types based on the un-
broken fibers in the sample shows a strong non-~
linear behaviour of strength and stress-strain curves,
B and C.

The intersection of curves B and C shows the ex-
pected fracture point F. Influenced by the bonding
effect of the fesin, we get, in practice, the curve
B with the fracture point F.

The attainable fiber performance lies between 80
and 95 % with a maximum achieved value at 98 %.
These considerations lead us to far-reaching cun-
clusions in classifying the quality of the fibers
and possible improvements. (5)
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3.4, The testing of the fibers and the composite is of

great importance to the quality of the end product.
More and more fiber strands are being tested in
addition to the testing of individual fibers. Ne-
vertheless, because of the good comparability with
filament wound components, the NOL-ring method is
still being extensively used. The doubts that the
great stiffness of the carbon fibers and because
of this the greater bending influence would ad-
versely affect the NOL-ring testing have fortuna-
tely not been confirmed. Fig. 32 shows that carbon
fiber have only a bending factor of less than 2 %
as compared to 10 % and more with GFR. (6)

4, Tank design concept

We see in fig. 4 a tank concepl for cryogenic fuel
based on the application of GFR and CFR tank structure.

Particular attention should be paid to the type of
liner taking into consideration the required per-
meation rate. A large number of various metal as well
as plastic liners have been tested. A plastic applied
in liquid form has proven successful, especially in
GFR tanks. Thin aluminium foil was tested success-
fully in CFR tanks. By the use of an appropriate
matriz system the liner can be eliminated with some
fuels. For the storage of LH2, the tanks must have

a thermic insulation to minimise the evaporation rate.

On the basis of an experimental study (7) the tanks
are being insulated with polyurethan foam and sealed
with an aluminium-coated mylar foi) to prevent dif-
fusion and freezing of moisture in the insulation
layer (cryo-pumping effect). b h

An added GFR ‘open cross layer‘éerves/gs an insu--

lation reinforcement: ... 7
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Manufacture

Whereas the development and manufacture of CFR
pressure tanks is still a new technology which re-
quires appreciable effort to find the optimal para-
meters, the filament winding of GFR pressure tanks
is common vpractice.

We have wound tanks from 0.1 to 2.0 m in diameter.

Basic problems such as liner systexns and composite
concepts are being solved by testing small model
tanks of 100 mm in diameter, series XI (fig. 7:,
e.g. galvanic applied liners. In addition, cylind-
rical bodies (fig. 6) and 400 mm dia. tanks, series
XIT and XIV, are being used in the experiments.

Details of insulated tank can be seen in fig., 7 end 9.
The preformed insulation segments are glued into
place and then covered with the above-menticned
sealing foil and then reinforced by an open layer.

The aluminium liners for CFR tanks seen in fig. 10
and 11 are deep-drawn, chemically etched down to
0.3 mm and then joined to the flanges by EBW.

A separate mandrel can be eliminated by this me-
thod as the liner stabilised by intermal pressure
can, if necessary, serve in its place.:

6. Testing

In t!e main the taik testing consist of a series of
pressure tests. H,0, IN, and LH, are used inthe tests.

An insulated GFR tank ready for testing in the test
bed 'is shown in fig. 12. The tank is suspended on

its upper flange where the supply lines are fitted. Y
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A number of strain gauges are attached to the struc-
ture (fig. 8). The elongation of the whole tank is
determined by means of an induction probe attached
at the bottom of the tank.

The test program includes leak tests with LN? at

low pressures over long periods, filling cycles

and re-heating to room temperature, cyclic pressure
tests and burst tests., Fig. 15 shows the filled tank
with the induction prote at the bottom.

A non-~insulated and therefore iced CFR tank filled
with LN2 is shown in fig. 17. After several load
cycles up to operation pressure the pressure was
raised to the bursting point. The fracture pieces
of liner and structure can be seen in fig. 18.

The analysis d the obtained measurements agree in
general with the original expectations (8).

7. Conclusions

The main aim of the experimental program described
is the manufacture of fiber reinforced pressure
tanks for the cryogenic, high energetic fuel com-
ponents IHp and LOX.

These pressure tanks produced by the filament wind-
ing method could e.g. be later integrated in a mo-
dulus stage and subjected to a stage testing pro-
gram, as shown in fig. 21,

Along with the fiber tanks, further-reaching necessa-
ry research is planned to determine the application
possibilities of GFR and CFR in complex components.

In the light of the experience gathered at M.A.N
with fiber reinforced units, it'appears important

to profit from the decided weighﬁ advangages offered
by fiber reinforced fuel tanks and préssure vessels
in future air space systems. .
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